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PREFACE 


Since the publication of the last edition of this book further progress has been 
made in the analysis of control st-stems. Systems have been developed to 
minimize deviation from the required temperature and to ensure rapid correction 
should such deviation occur. Servo-systems have been applied. The use of 
electronic mechanisms in temperature-control instruments is rapidly increasing 
and proving of great value. 

Some references are made in this edition to these new features and it is hoped 
the book will give the reader some indication of the progress which has been made. 
It may be emphasized here that an instrument cannot of itself be e.vpected to 
provide the solution to a problem of temperature-control, but is merely a 
scientific tool emploj-ed to help solve the problem. 

Theories of temperature control arc not as yet sufficiently comprehensive 
for a final discussion to be given. Some of the more important vdews put forward 
have been included in the .Appendix; the reader who wishes to pursue the 
subject further is recommended to consult the original papers, which are listed 
at the end of the Appendix. 

References to the literature of the various types of regulators are given at 
the end of each chapter. 


S W.tNSE.-V, 
June, 1950. 


R. G. 



CONTEXTS 


Chapter ^ 

1 Introductory .......... 1 

2 Thermostats based on the e.xpansion of gases with temperature . . 4 

3 Thermostats based on expansion of liquids — laboratory types . 13 

4 Thermostats for use at atmospheric temperatures, emploj'ing 

regulators depending on the expansion of volatile liquids . . 39 

5 Accurate room temperature control ...... 45 

6 Mercury-expansion thermostats ....... 50 

7 Classification of control equipment ...... 55 

8 Industrial types of regulators based on the expansion of a liquid . 64 

9 Thermostats using boiling liquids ...... 92 

10 Thermostats using the expansion of solids . . . . .95 

11 Bimetallic-strip regulators ........ 100 

12 Electrical-resistance thermostats . . . . . . .Ill 

13 Indicator and recorder pointer types of regulator . . . 130 

14 Potentiometric regulators ........ 141 

15 Temperature-control using radiant energy ..... 161 

16 Electrical-induction regulators . . . . . . .165 

17 Low-temperature control ........ 167 

18 Relays and valves ......... 176 

19 Classification of heat-exchangers ...... 195 

Appendix .......... 201 

Theoretical considerations of temperature-control 

Index ........... 215 



CHAPTER 1 


Introductory 


The maintenance of a constant temperature-value is a necessity in many 
technical processes and laborator)' experiments. The temperature to be 
controlled and the closeness of control will vary widely in different 
circumstances ; in all cases, however, the basis of control is the same. Random 
disturbances affect the temperature, and it is necessary to employ some form 
of thermostat if the temperature is to be maintained at a constant value. Three 
main components have to be considered in connection TOth the thermostat. 

It is necessary, in the first place, to measure or ascertain the value of the 
temperature by means of a pyrometer or temperature-sensitive element ; 
verj' frequentl}' too much is expected of the pyrometer. It must not be 
forgotten that “ contact ” pj’rometers measure the temperature in the immediate 
rdcinity of their hot tip or bulb, and not the general temperature of the oven 
or furnace, although they are sometimes affected by their surroundings as a 
result of radiation. In a well-insulated space, such as can be arranged under 
laboratory conditions, this variation of temperature should of course be 
extremely small, or negligible, but in industrial furnaces there may sometimes 
be large temperature-gradients. It is essential, therefore, that the pyrometer 
or sensitive element be placed in the correct position, so that the temperature 
measured is the true one, or at least bears a constant, known relation to the true 
value. Various forms of sensitive element are used for automatic temperature 
regulation, and these are dealt with in the text. 

The second component that has to be considered is w'hat may be termed 
the control gear. This component reacts to the changes taking place in the 
sensitive element and alters the amount of heat liberated by the third component, 
situated in or around the controlled space ; this last component may be termed 
the heating element. 

The correct relationship between these three components is the basis of 
successful temperature-control. 

When there is a change of temperature in the controlled space, a certain 
time must elapse before the sensitive element, w'hich records this change, 
acquires the new temperature. When this occurs, the control gear is set in 
operation to regulate the amount of heat liberated by the third component. 
The regulator is not able to stop this operation as soon as enough adjustment 
has been made, because of the time-lag. The shorter the time required for the 
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space to return to the normal \ 3 lue compared with the time-lag, the further 
will the temperature overshoot before the regulator responds to the condition 
when the space has reached the normal temperature value There is a danger 
of setting up an oscillation of increasing amplitude if the rate of return to 
normal value irtoo rapid Complete elimination of fluctuations of temperature 
would, of course, dispense with the need for the appropriate controlling 
actions 

Three factors influence the rate at which the regulator changes temperature 
(a) the temperature of its surroundmgs, (A) its own temperature, and (c) the 
“setting” of the control mechanism 

The operation of the control mechanism might be arranged to depend 
either on the amount by which the temperature departs from the controlled 
value, or on the rate of change of temperature Possibly the second differential 
of the temperature with respect to time might be used, or an integral, or some 
function of these Again, these latter might be used to decide the setting of 
the control mechanism or the rate of change of «etting etc There are many 
complex possibilities 

Let us now assume a simple case where the thermostat operates, as explained 
in Chapter 3, by the movement of a column of mercurj as the result of 
temperature-changes The make and break of the circuit occurs between the 
mercury and a wire placed near its surface Make and break seldom occur at 
the same level, due to various causes such as contamination of the mercury 
surface, surface tension, and other effects There is a ' backlash , and 
“ hunting ” of the temperature over the range of the backlash is unaioidable 
An altcrnatne method of control is to make the action continuous by arranging 
for the resistance to change continuously with the level of mercury instead 
of from infimty to zero, as in the make and-break system A similar continuous 
action takes place m a form of thermostat frequently used for controlling 
gas-supply (p 16) 

Considenng next the heating element m relation to the other components 
as the heating element has a certain heat-capaaty, it will require time to cool 
down or heat up from a particular temperature In the meantime (as we 
have seen) the temperature of the space tvill have continued to rise or fall, 
and with it the temperature of the sensitive element 

The resultant effect of all these actions is a swing from side to side of the 
required controlled temperature Time-lags of several mmutes may occur, 
paatvtJilaily viwitc vwdwsaviL condUioos This "hiicituxg” or pecvodic 
fluctuation of the temperature doe to the heater, etc , may be minimized by 
improving the thermal contact between the heater and the sensitive element 
In practice this is usually done (when the construction allows) by vigorous 
circulation or agitation of the medium in which the two components are placed 
A further step has been taken in one type of thermostat (p 48) by placing 
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a part of the sensitive element very close to the heater, and in a direct stream 
of air from it. The tendency in this design is to control the mean temperature 
of the heater. The final step is to identify the heating and sensitive elements 
by using the one for both purposes. As will be shown later in the discussion 
on the theoretical aspects of temperature-control, this method in certain 
circumstances is not always advantageous. 

Industrial controllers- 

In industrial controllers apart from the sensitive element, the control 
mechanism and the heating element or controlled device, e.g. a valve, there 
is the important part of the system to be considered — ^the process itself. 

Consequent upon variation in the controlled device the process is restored 
to balance. This system is termed a “ closed-loop ” control, the process 
completing the loop between the controlled member and the measuring element. 

Instrumental developments are far ahead of their application and the 
controlled process, despite its importance, is the link about which least is 
known. Mathematically the behaviour of the other components of the loop 
can be predicted with some certainty, yet it is only in the simplest of processes 
that a fairly accurate estimate of the likely control conditions can be made 
when the plant is being designed. Une.vpected process lags, surges and other 
upsets occur which may require repositioning of the sensitive or measuring 
element, or altering the design of a condenser or heat interchanger, etc. 

At present, therefore, the approach to the problem of design is an empirical 
one, and the aim should be to replace it by one more fundamental, which 
would allow the requisites of the control system to be accurately predicted 
in the design stage. 

Classification of control instruments 

A logical classification is somewhat difficult, but broadly an attempt has 
been made in this book to classify the various types into groups, according 
to the form of sensitive element, with certain chapters devoted to particular 
fields of application such as room control, etc. 



CHAPTER 2 


Thermostats based on the expansion of gases 
with temperature 


Gases have the largest coeffiaent of expansion of known substances, and 
there is relatively little difference in the magnitude of the coefficient for 
different gases 

When one of the permanent gases is used as the expanding medium in a 
thermostat, the temperature-range over which the instrument is applicable 
IS limited only by the strength and porosity of the envelope at high temperatures 
The number of forms of thermostats of this cbss is comparatively small, partly 
because high sensitivity can be obtained only with difficulty, and partly because 
the instrument has to be of the sealed in ’ type to avoid the effect of 
changes of barometric pressure on the volume of the gas in the thermostat 
bulb 

The simplest form of this type of thermostat consists of a vessel containing 
the expansible gas, which is inserted into the space to be controlled The 
change of volume of the gas with change of temperature causes movement 
in a column of mercury, thus making or breaking — either directly or through 
the medium of relays — an electric circuit controlling the heating of the space 
The vessel which contains the gas should have as large a surface area as possible, 
and have sufficient volume to reduce to negligible amounts the effect of room 
temperature variations on the capillary and contact tube volumes The range 
of temperature values which can be controlled with this type of instrument 
IS great, but the sensitiveness is not high nor easily increased Fig 1 shows 
diagrammatically a form of regulator of this type ^ A bulb E is filled with 
hydrogen and communicates with a mercury column contained in a barometer 
tube The bulb is usu^ly placed in the heated space, and the barometer tube 
outside Into the walls of the tube arc sealed two platinum wires A and B, 
serving to lead the current into and out of the mercury respectively , the 
mercury is in series with the electrical heating circuit The circuit breaks at 
the junction of hydrogen and mercury at A The mercury does not tarnish, 
smee no compound of hydrogen and mercury forms on sparking A point 
of advantage with this form of thermostat is that regulation of temperature is 
independent of variations of atmospheric pressure because the gas is completely 
enclosed The regulator is not free, however, from errors due to vanations 
m room temperature unless precautions are taken to select suitable capacities 
for the bulb and connecting-tub“, and to ensure the correct volume of mercury 
-4 
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below and above the level of the platinum contact. Nevertheless these errors 
are not large. 

The height of the mercury in the contact tube at A, and consequently the 
temperature at which make and break occur, are regulated by means of the 
lower stopcock. The tube is furnished with two small bulbs C and D. The 
mean pressme in the large bulb £ is so chosen that the mercuiy in the top 
bulb D occupies about half the volume of this bulb. It is convenient to make 
the pressure of the gas in E about equal to mean atmospheric pressure ; the 



Fig. L — Gas-expansion Fig. 2. — Principle of the Hanghton-Hanson 

thermostat thermostat (original design) 


length of the vertical tube is then that of an ordinary barometer tube, so that 
possible leakage of hj'drogen through defective taps is minimized. The lower 
small bulb C would supply sufficient mercury to fill the upper small bulb D 
in the event of overheating, without allowing the lower level of the mercury 
to be depressed to the bottom of the tube ; if this happened, bubbles of gas 
from E would pass over and destrov the vacuum in the upper bulb D. 

Haughton-Hanson thermostat 

.An instnnnent of this class which is fairly extensively used in laboratory 
work is the Haughton-Hanson - ts'pe of thermostat (Fig. 2). In principle 
this thermostat consists of a double-walled silica vessel (known as the “ hot ” 
bulb), which is well lagged thermally and wound on the outside with 
resistance wire for heating purposes. The air space between the rtvo walls 
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IS connected by capillary tubing to a U tube containing mercury in which 
suitable electncal contacts are sealed The other side of the U tube is connected 
to another bulb, referred to as the “ cold ’ bulb This latter bulb is kept at 
a constant temperature, and senes to eliminate the effect of %anations of 
atmospheric pressure on the system since it makes the system totally enclosed 
Fluctuations of temperature m the ‘ hot ” bulb cause changes m the air pressure 
in u, resulting in displacement of the meccurv m the U tube An electrical 
circuit IS completed or broken, which has in it a relay controlling the current 
flowing in the furnace winding Since this thermostat was introduced details 
of the apparatus have been modified and alternative designs suggested for 
some of the parts The more important of these will nowr be considered 

Modified U tube — The form of control tube at present used is shown in 
Fig 3 The tube A is connected to the ‘ hot ’ bulb and B to the “ cold ” 
bulb C IS connected to a slow heating and cooling device to be described 
later The ends of the tubes D and F axe connected by rubber tubes to thistle 
funnels, with the aid of which mercury can be let into the U tube and into D 
The latter adjustment^ enables the controlled temperature of the thermostat 
to be altered to a small extent by means of small changes m the air pressure 
in the hot bulb Admitting tnercur> into D raises the pressure in the bulb 
and causes the temperature to fall slightlj Removing the mercur} has the 
reverse effect It is advisable to give the furnace some time preferably about 
24 hours if heated from the cold, to allow steadv condiuons to be attained 
before making final temperature adjustments 

On coobftg the thermosut from high temperatures to, sa) room 
temperature mercury in the U tube tends to be sucked back into the “ hot ” 
bulb unless precautions are taken It is obvious of cou^se^that in heatmg to 
and cooling from the control temperature, the bulb should be put into 
communication with the atmosphere by suitable manipulation of the taps, 
but in the event of inadvertent wide fluctuations of temperature of this order, 
sucking back is liable to occur If the Iirab of the U tube is more than large 
enough to take the whole volume of mercury, then the air can find its way past 
the mercury column , this, however is not a complete safeguard against 
sucking back, and it is advisable to provide a trap, which may take the form 
of a porous diaphragm interposed in the tube, or a means of obtaimng a 
complete change in direction of the air stream as illustrated at £ m Fig 3 
These traps are not, how ever, completdy satisfactory , and the safest procedure 
IS to remove the mercury from the U tube (by opening the tap at F after 
lowering the thistle funnel connected to it) before opening any part of the 
apparatus to the atmosphere 

A further point to be guarded against is that the U tube should not be 
subjected to possible heating by direct sunlight for this maj heat one limb 
first and then the other during movement of the sun 
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Contamination of the mercur}* due to sparking at the contact surface can 
be a troublesome feature, causing erratic working of the thermostat. The 
sparking can be minimized by introducing a condenser in parallel with the 
contacts, or better still a Westinghouse rectifier across them ; but the effective 
remedy is to decrease the current that has to be broken at the contacts by the 
use of a thermionic valve or similar rcla}’, as described later (see p. 123). 



Fig. 3.— Control tube for modified Fig. 4. — " Cold ” bulb in modified 

Haughfon-Hanson thermostat Haughton-Hanson thermostat 

(All dimensions in centimetres) 


Re-designed forms of “ cold ” bulb. — As previously stated, the temperature 
of the “ cold ” bulb should be kept at a constant value. For short periods ’of 
time, this can be done most effectively and efficiently by immersing the bulb 
in melting ice contained in a Thermos flask. When, however, the furnace is 
to be used for longer periods than that during which the ice will remain 
unmelted in the flask, it is necessary to use other methods. One of these methods 
is to enclose the bulb in a liquid the temperature of which is controlled. In 
one form the inner glass bulb A (Fig. 4) is connected to the U-tube, and the 
annular space between it and the outer bulb B is filled with mercury. The 
mercury just rises into the small bulb C when the apparatus is at the lowest 
temperature it is likely to reach when not in use. The space above this is filled 
with hydrogen. The bulb D enables the mercury to rise in the tube connecting 
C and D, without an excessive accompanying rise in pressure in the hydrogen 
atmosphere. A platinum wire E reaches into the tube joining C and D and 
makes contact with the mercury. A second platinum wire F makes contact 
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\Mth the mercury m the bulb The tube G is used for filling the apparatus 
and IS then drau-n off so as to lease it about 2 cm long 

The outer bulb B carries a heating ivuiding over the lower two thirds of 
Its length the resistance of the winding being about 50 ohms for 110 volt 



Fig S — Device for maiotainlng temperatare 
of cold bulb comtaat and fine adjust 
ment of temperature setting 


suppi) This IS m senes with a 
500-ohm resistance \lhen the mer 
cury makes contact with the upper 
platinum wire the heating coil is 
shunted by a 45-ohm resistance and 
the current of the heating coil dc 
creased A condenser of about 0 1 /iF 
capacity across the contacts helps to 
reduce sparking There is a small 
fluctuation of the order of 0 1® C in the 
temperature of the bulb For the 
highest accuracy it is advisable* to 
lag the tube connecting the bulb with 
the platinum contact 

A similar device for cold bulb 
temperature control has been sug 
gested* m which the mercury is 
replaced b> toluene (Both liquids 
have their advantages eg mercury 
has the greater thermal conductmty 
while toluene has the higher coefficient 
of expansion) In this device (Fig 5) 
a U tube C containing mercurj com 
municates w ilh the bulb B Expansion 
and contraction of the toluene with 


change of temperature makes and breaks the circuit at the contact D 
which controls the heating current passing through the coil surrounding the 
outer vessel B ^\hen contact is made the heating current is decreased due 
to a part of the heater winding being shorted 

Accurate setting of the temperature to be regulated can be made by 
adjusting the position of the contact Z) This device can be used to alter 
rapidlj and accuratclj the temperature of regulation of the thermostat furnace 
from one setting to another The effect on the temperature of the furnace of 
known movements of the contact can be determined expenroentally at various 
temperatures and the values obtained used for adjustment purposes Rapid 
changes to lower temperatures can then be made by allowing the furnace to 
cool down with both taps on the mam control U tube open until the 
temperature falls to within a few degrees of the required figure , allowing 
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the furnace to settle down ; and then adjusting the contact b\- the required 
amount. 

In one particular apparatus a movement of 1 cm of the platinum contact 
altered the temperature of the thermostat approximately 1°C, and with this 
arrangement it was possible to adjust the temperature over a range of 50° C 
Math an accuracy of 0-1° C. 

When the thermostat is allowed to cool down to room temperature after 
use, it is necessary to prevent air sucking back into the bulb B. This is done 
by allowing the furnace to warm up until nearly all the mercury is in the open 
limb of the U-tube. The greater part of the mercuiy is then removed by 
means of a dropping-tube. Toluene is added until the open limb is almost 
full. The tube of a siphon connected to a reservoir of toluene is then inserted 
into the limb of the U-tube and the toluene allowed to be sucked over. 

This is a somewhat troublesome operation, and a further slight drawback 
in the use of this particular cold-bulb device is that it requires a supplementary 
source of current at low voltage and a relay to operate it. 

Yet another form ' of “ cold ” bulb is that in which the device acts not 
merely in this capacity but also replaces the U-tube, and safeguards the 
apparatus against sucking-back of the mercury in case the furnace is accidentally 
cut off. The capillary tube from the “ hot ” bulb is connected to the open 
limb of a mercury barometer, into which the contacts are sealed. As mentioned 
in connection t\-ith the simple form of gas-expansion thermostat, by using 
suitable capacities in the “ hot ” bulb and the connecting-tube, and the correct 
volume of mercury below and above the level of the platinum contact, it is 
possible to cause the errors due to changes in room temperature to cancel 
each other. To avoid mercury being sucked back from the barometer tube 
into the “hot” bulb when the furnace is allowed to cool, the tubing joining 
the “ hot ” bulb to the barometer is carried to such a height that if the 
whole system were evacuated the mercury would not reach to the top of the 
tube. 

This form of “ cold ” bulb is very' accurate, but it suffers from the 
disadvantages of having a long, fragile barometer tube, and the necessity of 
knowing the coefficient of e.xpansion of the glass and also the volumes of the 
tubes, etc. The data need, however, only be known to within a few per cent. 

Auxiliary furnace . — ^The Haughton-Hanson type thermostat functions by 
keeping the mean voltage at a definite value, which is such that the heat input 
due to the current produced in the furnace by that voltage is just sufficient 
to compensate for radiation and other heat losses. If we have a second main 
furnace which will be affected by changes in room temperature to the same 
extent as the thermostat furnace, and connect it in parallel with the terminals 
of the thermostat furnace but in series with the relay, resistances, etc. the 
temperature of the second furnace will be regulated at the same time as that 
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of the first Theoreticallj, there is no limit to the number of furnaces which 
can be run in this wa} The mean temperature of the mam large furnace 
o\ cr ^ erv long periods of time is mdependent of \ anations of room temperature 
0\er short periods, howcNer, some sanation of temperature ma) occur If, 
for instance, the temperature of the room should rise, the equilibnum of the 
subsidiarj small thermostat furnace would be affected m a comparatnelj short 
time, during which the temperature of the mam furnace would be sensibly 
unaltered, owing to its greater size As a result, howet'cr, the power input 
m both furnaces would be reduced by the action of the thermostat, and the 
temperature of the large furnace would drop in a short time, until the power 
was applied to the inner portion of the furnace close to the point at which the 
temperature was measured Much later, of course, the large furnace would 
tend to regain the original temperature 

W here the highest possible accuracy is desired, the thermostat furnace 
Itself should be used but the second furnace can be used where a I'anabon 
of 2° C IS unimportant An advantage of using a second furnace i$ that the 
tube of such a furnace is cheaper and easier to replace than the speaal silica 
bulb of the thermostat furnace 

Slow-cooling aod heating 

In conjunction with the Haughton Hanson thermostat, slow-cooling or 
heatmg devices can be used to regulate the me of cooling or heatmg of the 
thermostat furnace It mav be stated at the outset that these devices cannot 
be used with the barometer tube tvpe of '* cold ’ bulb 

In the original design, a bulb is connected to the U tube b> capiUan tubmg 
so that cither limb of the U tube mav by turning the twt>-wav tap on that 
tube be put into communication with the bulb \\'hen it is desired to cool 
the furnace slowlv, the whole bulb is immersed in hot water or oil contained 
in a vacuum flask As the temperature of the air m the slow coolmg bulb 
falls, air is extracted from the limb of the U-tube away for the furnace This 
reduces the pressure on the gas in the hot furnace bulb, and the expansion 
which otherwise would take place is, owing'to the breaking of the arcuit, 
automaucallv balanced by a fall in temperature of the furnace For slow- 
heatmg the bulb is connected to the other limb of the U tube 

This method of slow cooling or heating is suitable for rates of change 
of temperature greater than 20° C per hour over a comparatively short time, 
the ,ritte esvwVisAtsJ bj the sure the bi/h?, the setxipersfvte sS 

the liquid, or the lagging of the vessel 

Another ingenious method of slow-cooIing consists m connectmg the two 
sides of the U tube together by means of a verv slow leak The amount of 
mercury is adjusted so that when the platmum contact point at G (Fig 3) 
IS just making contact, the mercury in the other limb is at a higher lev el To 
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maintain this difference in level, a definite pressure on the furnace side of the 
U-tube is necessar)\ The leak tends to reduce the" pressure and, therefore, 
the furnace has to heat up in order to prevent this reduction of pressure, doing 
so automatically because the heating circuit is completed as the mercury rises 
to make contact with G on lowering of the pressure. Conversely, if the 
mercurj' level in the limb on the furnace side is higher than in the other, the 


action of the leak is such that the 
furnace has to cool to keep the mer- 
cury in the neighbourhood of G. The 
rate of heating or cooling can be con- 
trolled by altering the head of mercur}', 
or altering the value of the leak. The 
chief obstacle preventing extensive use 
of this device is the difficulty of obtain- 
ing suitable leak tubes which are not 
fragile. 

Use of electrolytic cell . — ^The 
arrangement for slow-heating or cool- 
ing now used at the National Physical 
Laboratory' makes use of an electrolj'tic 
cell.’ 



The bulb A (Fig. 6) is filled with a pjg_ 6.— Electrolytic ceU for slow-cooUng 
saturated solution of chromic acid in • (N.P.L.) 

equal parts of water and sulphuric 

acid. One electrode is in the form of a platinum plate 1 cm square, and the 
other a platinum wire to form the anode. The use of a plate instead of a wire 
for the cathode enables higher currents to be used before hydrogen is evolved. 
In the cell illustrated, a current of about 8 milliamperes can be used without 
excessive evolution of hydrogen. The oxygen evolved is passed by the tube B 
to one or other side of the U-tube of the thermostat. If it passes into the 
cold-bulb side of the U-tube, the rise in pressure x^ill have to be balanced by 
a rise in temperature on the furnace side, and consequently the furnace heats up. 
Alternatively, if the gas is passed into the hot-bulb side, this will have to cool 
in order to maintain constant pressure. The rate of heating or cooling is 
governed by the quantity of gas evolved, which depends on the current passing 
' through the electroljtic cell. The cell can be run off the D.C. mains with a 
potential-divider to control the current. The resistance of the cell varies with 
the amount of gas clinging to the electrodes, etc., and the behaviour of the 
cell is greatly improved if a ballast resistance of 500-ohms or more is introduced 
in series with the plate. This has also the effect of enabling finer control of 
the current to be obtained. 

The tube C (Fig. 6) is used for filling and empt 3 'ing the apparatus. If the 
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tube cell is designed with a tap at the bottom, difficulty is expenenced with 
the tap either leaking or sticking due to the chromic aad attackmg the 
lubncant 

Wth this cell arrangement it is possible to obtain rates of heating and 
cooling up to 20® C per hour at a temperature of about GOO® C 

hen slow heating is being earned out, the pressure on both sides of the 
U tube rises steadily, and it is advisable to open the whole apparatus to the 
atmosphere every 200° or 300®, so as to prevent the pressure from becommg 
excessive \\ith slow-cooling on the other hand this is unnecessary, as the 
p essure remains constant 

General notes on the thermostat 

Required xaluet oj resisiances — It was ongmallj considered necessary to 
have a number of resistances to control the current, in order to enable the 
maxiruum and minimum currents to lie fairl} closel) to the mean current 
which would keep the thermostat at the required temperature It has been 
found bj cxpenencc that this is unnecessary and that two values of maximum 
current (either full on or with a small resistance m the arcuit) and two values 
of minimum current one of which is zero give all the control necessary The 
resistances w hich are put in senea with the thermostat are on the " maximum 
current position zero or 10-ohms and on the minimum current position, 
20-ohin8 or infinit) The resistances can be controlled b> two switches. 

The joints m all connecting tubing should if possible, be free from rubber 
connections 

A convenient relay for use with this thermostat is of the mercury in-glass 
type, the I A C R\K being one form which has a pilot rclav working the 
mam circuit breaker As previously stated, the u«e of a thennioruc-valve 
arrangement to work a relay considerably lessens troubles due to sparking at 
the U tube contacts 
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CHAPTER 3 


Thermostats based on expansion of liquids — 
laboratory types 


The espansion of liquids increase of temperature is used as a means of 
control in a number of laboratory and commercial thermostats of tarious 
forms. The movement of a col umn of liquid with the expansion and contraction 
of a t olume of hquid, contained in a bulb immersed in the heated space or bath, 
is arranged to control a burner gas-supply or to actuate contacts m an electrical 
heating-suppl}- circuit. The Uquids are usually of the tolatile class, as these 
have a high coefficient of expansion. Regulators controlled by mercury 
expansion are described in a later chapter. 

Liquids for use in regulators 

The liquid commonly used is toluene, ^\'hen the temperature to be regulated 
greatly exceeds 100° C, however, the toluene must be replaced by another 
liquid, such as anili ne or mercury. This modified form is not as sensitive as 
that containing toluene, in that the coeffident of expansion of mercury, for 
example, is much less than that of toluene, one litre of mercury increasing 
in \ olume by 0-18 ml for 1° C rise in temperature, rshilst 1 litre of toluene 
increases by 1-1 ml for the same rise of temperature. 

Coeffidents of expansion at a temperature of about 25° C of a few suitable 
liquids are giren in the accompanj-ing table — 


IsrrdJ- t3 cT 1 litre fo' C roc tn tesperaaire 


Spca£c heat 

Water 

ml 

0 25 

1 0 

4n per cent Calcnun chlonde solution 

0 50 

0 63 

Mercarv 

0 IS 

0-03 

Carbon tetracblonde 

1 1 

0 2 

Tolnene 

1 1 

0 4 

Ethyl alcohol 

1 1 

0 5 

Ethyl ether 

1 1 

0 oo 

Chlo’'oform 

1 3 

0 23 

Benzene 

1 ’ 

0 40 
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LIQUID-EXPANSION REGULATOR DESIGNS 
In the form of regulator extensnel; used m the laboratory, the toluene 
or other liquid is contained in a glass bulb or senes of bulbs Where it is 
desired to hat e a larger exposed surface, a glass spiral or a long length of closed 
ended tube, bent into a convenient form, may be used Various other means 
have been suggested to increase the ratio of the exposed surface to the volume 
of sensitive liquid, and so increase the response to temperature-changes 
A simple method is to make a number of thin walled indentations or depressions 
in the walls of the bulb , the bulb is not made more fragile by this means 
To ensure that air is not trapped beneath the indentations when the regulator 
IS being filled, the tips of the indentations may be pointed slightly upwards , 
care should then be taken that air is not trapped in them when the regulator 



Fig ? — Oft* toiai of tolvKoe-nwTcviry 
thermostat for use with gas healed 
bath 



Fig h — AnangeaieDt to prevent 
creeping of tolueae to mercury 
contact-surface 


IS immersed in the bath bquid, as this will nullify their usefulness to some 
extent Another suggestion to increase the sensitivity of the bulb is to place 
in It a good conducting metal foil such as copper 

When liquids other than mercury are used as the heat sensitive liquid. 
It is usual to arrange that a coluiim of mercury is moved by the liquid in order 
to provide a more positive means of control when using gas, and a conducting 
path when using electrical heaUng If toluene is used as the sensitive liquid 
It should, before use, be kept in contact with mercury for several weeks with 
occasional shaking, followed by tedistillation over sodium, although the latter 
treatment is not recommended by some authorities Fig 7 shows one arrange- 
ment of the bulbs and mercury column. Hermetically sealed into the bulbs 
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is a tube containing mercurj’, reaching to the lowest bulb, where it dips into 
a small quantity of mercury'. 

Where the same continuous tube contains both toluene and mercury', as 
in some forms of thermostat, it is difficult to prevent the toluene from creeping 
around between the mercury' and glass walls on to the surface of the mercury', 
unless a de^dce similar to that illustrated in Fig. 8 is introduced. By this 
means the ends of the tubes connected with the mercury and toluene dip well 
into the respective liquids and the side tubes facilitate filling wth the appropriate 
liquids. The lowest tube in Fig. 8 is connected to the bulbs containing the 
remainder of the toluene. 

It may be mentioned here that the regulator bulb need not necessarily 
consist of glass. Steel,-' ^ copper,'* and especially Monel metal ^ have been 
recommended, the latter on account of its strength, resistance to corrosion, 
and greater rapidity of response to temperature-changes. When electrical 
heating is used with the bulb of metal, it is necessary', as wll be seen later, 
that the upper part of the regulator shall consist of glass. The junction between 
the glass and Monel metal may be made by nickel plating. The glass is first 
coated uith a silver mirror, copper-plated and then soldered to the Monel 
metal bulb. The joint is next plated with a thin layer of copper and finally 
with a thick coat of nickel. 

When once fitted up, the quantity of toluene in a regulator is not usually 
altered ; but the level of mercury has to be altered for adjustment purposes. 
This may be done in various ways,®’ ' one way being, as shown in Fig. 7, to 
connect the column of mercury' by a side tube to a reservoir of mercury. A 
sensitive method of adjustment is to dispense with the reservoir and to close 
the side tube with an airtight rubber bung through which passes a glass plunger 
dipping into the mercury'. The diameter of the plunger is only slightly less 
than the internal diameter of the side tube ; Jena K.P.G. is of very uniform 
bore. Raising or lowering the plunger moves the mercury column. The space 
between the mercury' and bung in the tube is filled with a mixture of one part 
water and two parts glycerine. This serv’es to exclude air and at the same 
time lubricates the plunger. 

Gas-heating type 

Where gas is used as the source of heat for the bath, the mercury column 
(see Fig. 7) emerges into a bulb into which the gas is delivered by the tube A 
close to the surface of the mercury and then passes away to the heater by a 
side tube B. The tube A should be centred and cut off square. Another 
method is to taper and grind the tube so that a long, narrow' hole is formed, 
making an angle with the mercury' surface. 

On increasing the temperature of the toluene, expansion takes place, forcing 
up the mercury in the tube and partially or wholly closing the inlet tube and 
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on the principle of the differential manometer, and temperatures from about 
15° C to 40° C can be maintained with its aid Fig 12 illustrates diagram- 
matically this type of regulator The vertical tubes would m practice be 
suitably disposed to make the construction more compact in form The bulb 
of about 3 cm diameter is first completely filled with isopentane or other volatile 
liquid, and then half the tolume of the isopentane in the bulb is replaced, 
with the aid of a capillary tube, by some inert gas such as nitrogen or hj drogen 
Finally mercury is added to both limbs The bulb is then heated to displace 
sufficient isopentane so that both columns of mercury just meet at the apex 
of the inclined fine-bore tubes when the regulator is cooled nearly to the control 
temperature required Further adjustment can be made by the addition of 
mercurj Fine adjustment can be facditated b> the aid of a small plunger in 
one limb The electnc current is broken with rise in temperature, so that a 
rela} is not really necessary The sensitivity of the regulator will bego\erned 
by the amount of inclination of the inclined tubes This form of regulator is 
somewhat difficult to set up and has a narrow range of temperature-control 
The form of regulator described in the earlier part of this section is used almost 
unwersallv for electncal-heating control 

CONTACTS 

One of the chief difficulties, and one which largely goterns the sensitivity 
of the normal toluene mercury type of thermostat, is that of obtaining a 
suitable arrangement for making and breaking the electrical circuit m the 
regulator 

Failure at the electrical contact may leave the heater operating at its maximum 
capacity causing the bath temperature to rise and forcing the mercury and 
sometimes even the toluene out of the bulb, and necessitating a la^ amount 
of work to set in order again Contact failure is generally due to fouling of 
the mercury surface 

If the mercury does not wet the contact wire, an extremely small nse or 
fall of the mercury thread will be sufficient to make or break the areuit. 
Mercury adheres to platinum so that if this material is used as the contact 
wire the breaking of the circuit takes place at an appreciably lower temperature 
than the make The use of iron, tungsten, nickel or nichrome in place of 
platinum effects an improvement in this respect, and the make and break occur 
at temperatures closer to one another Decreasing the bore of the contact tube 
tends to increase the sensitivity of the thermostat, but a tube diameter of less 
than I mm may cause erratic workmg, for the following reason the time lag 
in most systems is such that the mercury overshoots and undershoots the 
contact point, and when the mercury is forced up between the wire and the 
glass in a small capillary, the mercury column is apt to break and the thermostat 
then begins to operate at a new temperature 


18 



THERMOSTATS BASED ON THE EXPANSION OF LIQUIDS 

Gouy oscillating contact 

Gou\ observed that if the contact needle, instead of being fixed, is given 
an oscillating motion of 20 seconds’ period along the axis of the tube, the 
sensitiMt} of the regulator is improved Incidentally, the period of oscillation 
need not necessanh be this figure 

Energv is in this vva\ penodicallj supplied to the bath when contact is 
made between the mercury and the needle An increase in the temperature 
of the thermo-regulator bulb results in a rising of the meniscus, which causes 
a decrease in the length of time during which energy is periodically supplied 
to the bath, thus tending to stabilize the bath temperature Gouy stated that 
the Use of this device greatlv reduced the errors due to the compressibihtj of 
the thermostatic fluid and to the distortion of the mercurj' meniscus as it 
moved up and down 

Sligh has made a theoretical analvsis of the fixed and oscillating types 
of contact and has put forward equations to represent the conditions which 
might be expected with the use of each type The equations are based on the 
assumption of a constant time-lag, coupled, as it were, with a bath of perfect 
conductivity 

Mathematical representations 

(a) Fixed contact — The penodtc change in temperature as the regulator 
operates with a fixed contact is expressed by the equation 

where AOp is the total change in temperature during one cycle of “make” 
and “ bre^,” that is, the amplitude of the periodic oscillations of temperature , 
and t IS the time-lag of the thermo-regulator ,n seconds This quantity is 
defined as the number of seconds which would elapse between the time when 
the total energy input to the bath has reached a value corresponding to a given 
meniscus position and the time when the meniscus assumes this position, 
supposing the rate of energy input to be approximately' constant It is assumed 
that the lag of the bath as a whole with respect to the heater is less than the 
lag of the thermo-regulator with respect to the heater W is the maximum 
electrical input supplied by the regulator in watts, and does not refer to the 
average input 

J O' IS the contact lag , that is to say, the change in temperature required 
to change the contact of the thermo-regulator from “ make ” to “ break ” 
This quantity can be very' vanable AI is the heat capacity of the bath in 
joules per degree. 

The changes in the mean bath temperature, A 6^, produced by changes 
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in the thermal head, A <p, and by changes m the maximum electrical input 
controlled by the regulator, A tV, are represented by 

= dw-ticiiip, 


where <p is the portion of the thermal head of the bath (i e the difference in 
temperature between the exposed portion of the bath and its surroundings) 
which IS compensated by the thermo-regulator This does not include the 
portion of the thermal head which is compensated by the fixed heating 91 is 
considered positive when the bath loses heat to the surroundings K is the 
cooling constant of the bath in degrees per second 


(i) Osallating contact — The corresponding formulae for the oscillating 
contact are as follows — 

For changes in mean bath temperature A 0„, due to changes m thermal 
head, A 9, and changes in average electrical distribution along the path of 
the moving contact, A If', 


IF _£££?. 

" a ir, IVi a IVz 

where a is the sensitivity of the thermo regulator, le the movement of 
meniscus m cm per degree change m temperature , and II' is the electrical 
energy distribution along the path of the oscillating element, expressed in 
watts per cm i e a change of 0 1 cm in the position of the meniscus would 
change the average power input by It/10 watts 

The subscripts 1 and 2 denote values before and after changes in the length 
in centimetres of the path of the oscillating contact over which enei^y is being 
delivered to the bath 

The expression for the variation in bath temperature as the regulator 
operates was not derived, but Sligh states that from experiment this variation 
was found to be small 


Operation of oscillating contact 

For successful operation of an osallating contact thermo-regulator, the 
following conditions are necessary — 

(1) The periodicity of the osuUation should be small in comparison with 
the lag of the bath, say one-fifth of the value, but not so small as to produce 
sustained waves on the mercury surtace There seems to be no advantage m 
reducing the period beyond that necessary to damp the periodic fluctuations 
in bath temperature sufficiently to render their effects imperceptible 

(2) The length of path of the osallating element should be large in 
comparison with the movement required to make or break contact with the 
mercury surface , one mm seems to be sufficient in most cases 
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(3) The energy distribution along the path of the oscillating element should 
be large in order that great range and close regulation may be secured under 
a wide range of external conditions. The upper limit to this energy' distribution 
is fixed by the fact that the smallest amount of energy' which may' be supplied 
during a single cycle should not exceed that which is required during that 
cycle. If this condition is violated, motion of the meniscus beyond the limits 
of the stroke of the oscillating element would result. 

White ” considers that it is unnecessary' to add the temperature-lag of the 
bulb at the end of the stroke. With the ordinary’ mercury-contact, thermostat 
regulator, it is sufficient, he considers, if the total lag, expressed as a 
temperature-difference, is not over twice the “ backlash ” equivalent, but 
already gives twice the correct result when the ratio of the lag to the equivalent 
is 20. The backlash equivalent indicates, in* degrees, the difference in 
temperature at which contact “ makes ” and “ breaks,” the former taking place 
for a higher temperature than the latter. The maximum inconstancy normally 
occurring in an ordinary thermostat for any given rate of heating is the periodic 
oscillation of temperature for equal resultant up-and-down rates. IVhite 
expresses this oscillation by the equation 


A U„ 
VL 


vT 

uTl 


— tanh 


vT ^ 

2Vl 


from which the ratio of t’ T, the oscillation, to the temperature-lag, v L, or 
to the backlash equivalent, U can be found for any ratio of A U u to V L. 
I' is the rate of heating due to the heater alone, v the instantaneous actual rate, 
V 

here equal to and L is the time-lag. 


Advantages of oscillating contact 

The principal advantages of the oscillating-contact type of regulator over 
the fixed-contact type may be summed up as follows — 

(1) A large amount of available energy can be used to compensate for 
any possible wide fluctuation in external conditions without a sacrifice of 
closeness of control. 

(2) A bath temperature is obtained in which the periodic variations about 
the mean due to operation of the regulator are very' greatly reduced. 

(3) Troubles due to soiling of the mercury, surface sticking, etc., are 
greatly reduced. Nevertheless it must be stated that the mercury tends to 
become fouled sooner with this form of contact than with the stationary' form, 
and requires fairly frequent cleaning. 

The advantages to be secured by the use of the oscillating type of regulator 
are due to the fact that the time at which a given movement of the meniscus 
may affect the energy input is rendered independent of the physical constants 
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of the bath, and is made dependent only upon the periodicity of the oscillating 
element of the regulator Further advantages accrue from the prOMsion of 
a means for applying successive corrections, at short time-intervals, to the value 
of the energy input, instead of corrections at such longer time intervals as mil 
permit of wider excursions of bath temperature above and below its mean value 

The Gouy contact was the first device to bridge the gap between simple 
on and off control and continuous control It is used in modified form in 
many present-day controllers 

The mercury surface may be oscillated, ‘ instead of the contact wire, to 
effect a result similar to that of the Gouy atrangeraent Such movements 
have been produced “ bj trapping pockets of air with the mercury in the 
arm carrying the stop-cock and reservoir, and by supporting the regulator in 
such a way that the vibrations of the motor used to stir the bath liquid are 
imparted to it, or a time delay device (see p ISO) may be used 

A Sumic unit which can be attached to the head of the regulator causes 
the upper contact to be drawn out of the mercury by means of a bimetal 
When contact between the mercury and upper contact is made the relay opens 
cutting off 3 bimetal heater coil and also the bath heater The bimetal vvill 
cool and raise the contact out of the mercury and switch on the relaj, etc, 
again This will re-heat the bimetal which will then open the circuit — and so on 
As the mercury rises, the bimetal will take longer to cool sufficiently to raise 
the contact out of the mercurv and so re close the heater circuit So gradually 
the ratio of the “on” to the ‘off’ time of the bath heater will decrease 
until It balances the heat losses This is a form of proportional " controller 
(see p 56) 

The mercury surface 

Whatever type of contact is used, it is necessary, for high sensitivity and 
satisfactory working, to maintain a clean mercury surface at the contact This 
requirement is not easily attained, and many methods have been tried 

Elimination of oxygen from the space around the contact vvould be a 
satisfactory method With this object in view, the air has been replaced by 
hydrogen or nitrogen This method is satis&ctory as long as the gas is present, 
but IS cumbersome because of the apparatus and care required to maintain 
the gas There is a risk of forming an explosive mixture with air which may 
be admitted inadvertently when hydrogen is used Generators have been 
specially designed to supply the necessary hydrogen If the regulator is 
sealed*® it is difficult to change the position of the oontact-point and also 
impossible to oscillate it It does not, however, prevent the mercury surface 
from being agitated by vibration of the regulator Sealing the cap of the 
regulating capillary with a drop of mercury fails if the regulator is jarred, 
because the drop then works downward 
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It may be mentioned here that all regulators which depend for their action 
on the expansion of a column of liquid are sensitive to fluctuations in barometric 
pressure if the liquid is open to the atmosphere. Variations in the controlled 
temperature of the order of i 0-2° C arise from this cause. By sealing the gas 
space above the liquid surface to maintain, the inert atmosphere, variations due 
to this cause are therefore prevented. Another method of eliminating 
atmospheric pressure variations may be mentioned which is to place in the 
bath a vessel of about one-litre capacity containing air, and to connect it by 
a tube with the top of the regulator. The junction between the tube and 
regulator can be effected by arranging a mercurj’ seal around the top of the 
regulator into which the tube dips. The latter method does not, of course, 
prevent the mercury surface from coming into contact with oxygen. 


Prevention of sparking at mercury surface 
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is necessan', but a continuous, uni-directional flow across the working space 
is to be avoided, since under the latter conditions a temperature-gradient is 
set up in the space by the air-stream, which is continuously losing heat. 

If a single large source of heat is used, and particularly if this source be 
incandescent, there is a risk that direct heating of the contents of the space 
may occur by radiation. A number of small heating elements is preferable, 
and heaters of the wire-grid tr'pe verj' often meet the, case. The risk of fire, 
however, is present rtith this type of heater, and the use of a number of small 
heating lamps may sometimes be preferable. In this way the temperature of 
the heating elements need only be a few degrees above the control temperature. 

Mnlfi-jacket chambers . — The use of a double-walled vessel, with the space 
between the double walls thermostated and the whole of the air in the inner 
chambers thoroughly stirred, permits of very close uniformity and constancy 
of temperature. 

Tian, suggested as the controlled space, the centre of a system composed 
of several jackets placed one inside the other. Each of the jackets would be 
thermally insulated from outside and filled with water or other liquid. Only 
the outside container should be provided with a thermoregulator and relay. 
In principle this is the only jacket which is subjected to the direct exchange 
of heat with the surrounding room and the air in it. 

It has been proved that in a three-jacket system the temperature fluctuations 
in the central space are very small. 

There are, however, inconveniences associated with a multi-jacket thermostat. 
First, a long time is necessary for the whole system to reach thermal equilibrium 
due to the large thermal inertia. This delay may be minimized by inserting 
an electric heater in the central vessel to establish in advance the temperature 
expected to be the final one, corresponding to the equilibrium between the 
inside and outside jackets. 

Another inconvenience, where very' close temperature control is desired, 
is associated with small variations in the average temperature of the outside 
vessel due to various causes. When a slight alteration of temperature thus 
occurs, the whole system has to readjust its thermal equilibrium, therefore the 
heat exchange proceeds until the temperature in the whole system reaches its 
new level. If some hours later a new change occurs in the average temperature, 
the thermal equilibrium may be disturbed once more, even before the system 
has reached its new equilibrium occasioned by the first slight alteration of 
temperature. It may therefore happen that the central system will never reach 
any permanent state of equilibrium and will be subject to small fluctuations 
of temperature, each of them extending over a long period. 

However, the fluctuations in the central container are actually very small, 
and the apparatus is really a thermal damping system with the temperature 
fluctuation waves losing amplitude as they penetrate the interior. 
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\\ ard using this type of thermostat succeeded m maintaining a constant 
temperature with an accuracj of 0 000002" and it appears that for short duration 
experiments this method is almost ideal 



Fig 16 — Plan of tberniosUted alr-cbamber 
SI ng sect on throu«h fans I eat ng lamps ma n and subs d arv toluene regulator 



F g 17 Transverse section throv^ therznostated air-chamber 
Sho ng ma n and subs d ary toluene regulators heat ng lamps and fan in rear 

Thermostated air chamber — A detailed description of a thermostatcd air 
chamber (see Figs 16 and I") has been grven by \\ H J ^ emon ** The 
chamber is of wood 96 m long 4o in h gh and 39 in wide lagged inth cork 
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slabs. Two fans, situated one at each end of the chamber, force air over a 
group of heating lamps set in front of each fan. The two opposing air-streams 
meet in the middle of the chamber and pass downwards over the regulator 
bulbs. .A. portion of each stream then passes through two holes in the working 
floor, under which it returns. 

In the work for which the ^'ernon thermostat was primarily designed, it 
was of importance that the controlled temperature should be maintained over 
long periods without risk of breakdown, even of a temporary" character. .A 
spedal system was therefore introduced to avoid such a contingency. Xormallv, 
the main regulator {M R) (Fig. IS) works in conjunction with the two main 
relays (.4 and B), which are connected in parallel. If either of these fails in 
such a way that the heating circuit is broken, the other carries on at the 
temperature controlled by the main regulator. If, however, the failure of 
either A or B should result in the heating circuit being permanently “ made,” 
the temperature would steadily rise, notuithstanding that its partner would 
cease to operate. The subsidiart" 
relay C, however, is arranged so 
that its heating circuit is in series 
tvith the heating circuits of A 
and B ; it is operated by the 
subsidiary regulator (S R), which 
is adjusted to take control as 
soon as the temperature reaches 
a value very slightly higher than 
the normal working temperature. 

The margin of temperature 

riiay be adjusted to quite a small ct- rrayner nretiimr.-r.imis. 

fraction of a degree, and warning h - nea/my orcuir Temma/t 

of the trouble is given by the ” Condensers. 

subsidiarv relay coming into oper- Fig- 18. — Electrical connections of Vernon 
ation. ’ ' thermostat 

Ba,th liquids 

The choice of bath liquid depends on a number of factors. Consideration 
has to be given to the suitability of the liquid for the temperature-range in 
which it is to be used, and also to the heat capacity, which should be as high 
as possible. A liquid which does not fume at the temperature of operation 
should be selected if possible. A useful property in the liquid is that of retaining 
its transparenct' after long usage, and if it is easy to remove from glassware 
and metal objects, so much the better. A factor which must not be forgotten 
is the risk of fire when certain materials are used at temperatures too near their 
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flash-points Some of the commonly used liquids are listed below, with upper 
and lower temperature limits — 

Temperiture range ° C ^ 

\Vater 0 to 80 


Kerosene —40 ,, 75 

Brines — 40 ,, 120 

Light lubricating oils 30 ,, 200 

Commercial \cgetable fats 100 „ 300 

Gl)cerme 100 „ 270 

Tempering oil 50 „ 300 

High-temperatore lubncating oil 100 „ 300 

Lead-tin alloy 200 ,, 600 

Fused inorganic salts 200 „ 1600 


\\hen water is used as a bath liquid, a slimy growth is apt to form after 
some time This ma> be prciented by suspending in the bath a musim bag 
containing mercuric iodide, or by dissolving a little mercuric chloride m the 
water Evaporation of the water may be minimized bj maintaining a lajer of 
olive oil on the surface 

Brines and aqueous solutions of salts may attack the walls of the containing 
vessels on account of hvdrol>sis, and moreover with brines the maximum 
limit of temperature is only about 20* C above that of boiling water 
Sulphur has a tendency to fume and therefore requires the use of a hood , 
also care has to be taken in handling it when hot Otherwise it makes quite 
a good bath liquid and is often used 

Paraffin oils and bath waxes ** * must of course be heated with due regard 
to the fire hazard “ Hard ’ hydrogenated vegetable oil is a good bath-hquid, 
since no tarry masses are produced in use and the nsk of fire is small So called 
“ hard sesame oil,” an opaque, white solid, melts at 60° C to a clear oil and 
has a weak “ flash ” at 320° C This substance does not stick to iron or glass 
on solidifying, but craciss and falls apart into fragments, ahd it is superior to 
vaseline, paraffin or other hydrocarbons as a bath liquid Hard hydrogenated 
cotton seed oil is more widely obtainable than the sesame product 

The upper temperature limit of the oils is set by the decomposition which 
occurs at higher temperatures, large volumes of gas with a disagreeable odour 
being given off and spontaneous igmtion often occurnng For moderatel) 
high temperatures, the difficulties may be obviated to some extent by enclosing 
the oil or paraffin m a metal vessel communicating with the air through a 
single tube, through which the stirrer spindle passes, the tube serving as a kind 
of reflux condenser W’lth an oil bath it is possible to have a number of tubes 
closed at the lower end and let into the bath through the cover, thus forming 
a number of air baths of considerable capacity and with excellent uniformity 
of temperature 
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Lard is said to be more satisfactory than hea\y mineral or vegetable oils. 
An iron pot ser\'es as a containing vessel. 

The eutectic of diphenyl-diphenyl oxide may be used as a bath liquid 
up to '2iX}' C. Silicone fluids are also useful bertveen — 4S and 60‘J' C. 

Beattie recommends the eutectic mixture of lithium, sodium and potassium 
nitrates, v.hich consists of 30 per cent lithium nitrate, 14 per cent sodium 
nitrate and 50 per cent potassium nitrate by weight, and which melts at 120' C. 
A less expensive mixture consists of 27-3 per cent of lithium nitrate, 18-2 per 
cent of sodium nitrate and 54-4 per cent of potassium nitrate, a mixture which 
is fluid at 1.35' C, although some solid separates. The spetnfic graviu- of the 
latter liquid is TS5. It is adwsable to allow the liquid to act on steel turnings 
for several weelts before using, in order to minimize corrosion and other effects. 

hlany other inorganic salts are available for use as bath fluids. 

!Metaphosphoric acid, melting at a temperature of 1.50' C to a clear liquid, 
can be used as a bath liquid, but is improved by the addition of 8-5 per cent 
orthophosphoric acid. A variet}' of mixtures of the uvo acids can be emplo}'ed, 
but the most serviceable is that consisting of 4 parts of S3 per cent ortho- 
phosphoric acid to 1 part of metaphosphonc add. This mixture can be used 
in the temperature-range lW-340' C, The mixture is mobile at room 
temperature and, in common with other mixtures of these two substances, 
possesses a very small temperature-gradient, as expansion takes place on increase 
of temperature, which serves to drculate the liquid. It is advisable to heat the 
mixture to a temperature of 250" C and to remove all the water vapour before 
putting into use. 

3Mien substances which are solid a: ordinary temperatures, such as 
metals^ and alloys^^’"’ are used as bath liquids, precautions have to be taken 
that the bath is heated from the top when melting, so that liquefaction occurs 
from the surface of the solid downwurds. If melting starts at the bottom, 
the e.xpansion may cause fracture of the containing vessel. It should also 
be remembered that the vapours of some metals, such as antimony and lead, 
are poisonous. 

Other objections to baths of metal are their relatively low heat capadty 
and high spedfic gravity. 

Containers . — ^The size and shape of the bath will be determined by the 
•contents, and liberal allowance should be made for adequate drculation of 
the fluid. The material of which the bath is constructed is determined also 
by the contents : glass, iron, galvanized iron, zinc and copper baths are used. 
Enamelled iron usually cracks and rusts after a short time, especially if used 
at the higher temperatures. 

Glass-sided trouehs can be readily made to any form with the aid 
•of metal angle or channelling framework. Lead-oxide base cements are 
most suitable for the joints. 
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Tanks made of “Perspex” — clear transparent methyl methacrjiate — 
are very convenient in that they are easily fabricated, light m weight and tough 
The thickness of the material may be chosen to suit the size of the tank, for 
a two foot cube capacity, material approximately | m thick would be required, 
but for a one-foot cube a J m thickness would be suitable 

The tanks are made by carefully machining the base and sides so that they 
form an accurate fit The sides are then fixed together by soaking the edges 
of two of them in chloroform and plaang them in position on the corresponding 
pieces of Perspex thus forming a bottomless box The lower edges of this 
box are then soaked in chloroform spread on a glass plate, and after softening 
for one minute are placed on the Perspex base with a weight of approximately 
two or three pounds so arranged as to distnbute the pressure evenly. 
Alternatively Perspex cement No 6 can be used for jointing After three or 
four hours, if the joints have been made properly, this tank should be water- 
tight and ready for use It is preferable, however, to leave it over mght before 
applying the full load of water These tanks are suitable for temptratutes 
up to 80 or 90“ C 

It has been found desirable to eliminate the static charge vvhich sometimes 
collects on dry Perspex sheets by applying a small quantity of Cirrasol SB 
which may be obtained from the 1 C I For general cleaning purposes it 
IS found that warm soap and water is quite effective 

Methods of stirring the bath liquid 

\ igorous and adequate mixing and stirring of the liquid is essential m all 
thermostatically controlled baths, in order that temperature gradients set up 
m the region of cooling and heating may be smoothed out and the temperatures 
equalized A rapidity of stimng just insufficient to produce wavelets and 
floating bubbles is generally found adequate A Beckmann thermometer is 
convenient for exploring the bath for temperature differences , but it must 
be remembered that rapid local temperature fluctuations may occur which are 
integrated by a thermometer even of this type (because of its high thermal 
mass) and may therefore be undetected It must also be realized that a stationary 
reading cannot always be taken to indicate a constant temperature Despite 
V ibration of the thermometer, “ sticking ” of the mercury may persist Further, 
a ‘ soaking effect may arise This occurs if the thermometer is left at room 
Vota , 'to. sxtMsvwwg Vi 't. ewes, 

too high, and subsequently very slowly sinks 

Fluctuations m temperature of the bath may occur, due to a number of 
causes , these factors have been dealt with in greater detail elsewhere 
(Chapter I) There is a lag between the occurrence of a temperature change 
in the bath and a compensating change in the heating current and a lag before 
this change of current affects the temperature of the bath These two effects 
ao 
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produce periodic fluctuations or “ hunting ” of the temperature. Slight 
irregularities in stirring may produce shifting temperature pockets in the 
bath, and this effect is aggravated if the heating is concentrated in a small 
localized area. 

There are various means of stirring, to which brief reference will now be 
made. 

Air-jets . — The use of air-jets is often a convenient method of stirring. 
For low-temperature work the air must be dried to remove moisture which 
otherwise woidd condense in the bath. The disadvantages of the air-bubblins 
method are the evaporation losses it causes ; the heat carried into the bath 
in low-temperature work ; and the heat taken from the bath at other 
temperatures by the air-stream. UTien the bath is in the form of a tall, 
cylindrical, vacuum-walled vessel, the use of an air-jet is often particularly 
convenient- 

Scrar propellers . — ^These stirrers mix the liquid well if several are used 
on the same shaft, but they are not very effective in driting the liquid over 
more or less pre-determined paths. The most suitable tvay of using screw 
propellers is to fix them so that the liquid shall be drawn from the top of the 
bath, where it has been e.xposed to the effects of disturbing influences, past 
the heating cods, then past the propeller, where it is thoroughly mixed, and 
finally discharged past the regulator bulb into the bottom of the bath. In 
this way a maximum rapidit}' of response to temperature-changes is secured 
which is essential to precise control, and the attempered liquid is brought 
into the working space in the bath with the minimum e.xposure to outside 
influences. As a general guide it will be found that good regulation is obtained 
with stirring set up by a propteller in a tube operating at such a speed that all 
the bath liquid passes through the tube three or four times a minute. 

Centrifugal propellers give a wide range of velocities and force the liquid 
to the outiting parts of the bath. 

Redprocatzng paddles are ineffective as general mixers unless they are of 
relatively large size. 

Supports for objects in bath 

The stands for objects immersed in the baths should be perforated or 
latticed, in order that they shall not have any appreciable effect upon the 
circulation of the liquid. 

The buoyancy of the immersed articles has to be overcome in some cases 
by loading or fixing down. 

Gas heating of bath 

Heating by gas is convenient and possesses the advantage of a low operating 
cost, but thi<; is outweighed by a number of disadvantages. It is rather difficult 
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to deliver the heat from a gas flame to the exact positions where there is greatest 
loss of heat The problem of obtaining a burner which will not strike back, 
not cover the apparatus with soot, and yet burn with a good hot flame over 
a wide range of gas flows, is very difHcuIt to solve One method is to provide 
the major portion of the heal bj a Bunsen burner, with a small burner 
controlled by the regulator to maintain the desired temperature 

Agavn, the question of danger from fire must not be oveilooktd, esptaally 
when the apparatus is left unattended over long penods of time Rubber 
tubing for the gas supply should be avoided 

Electrical heating of bath 

On the whole, heating of the bath bj electncitj, when available, is to be 
preferred to gas, for the heat can be delivered in approximate!} the position 
where greatest loss occurs and the controls arc simple and positive 

Heating b) electricit} ma) be achieved b} immersing a number of 
incandescent electnc lamps in various positions m the bath, and protecting 
the sockets from the action of the water by suitable means Electnc lamps 
are manufactuied wnih long stems especial!} for heating purposes A length 
of tube of 30-40 cm has a bulb at one end, and at the other, metal contact- 
pieces, collar, and studs as in an ordinary lamp Since heating, and not lighting, 
18 required the lamps can be under run therebv increasing their life consider* 
abl} \ 250-volt lamp on a 200*volt arcutt, with a nominal candle-power 
of 50, IS suitable as a unit To overcome the buo}anc}, a ring of lead should 
be slipped over the head, resting on the bulb 

Coils of bare or covered wire may be wound around the bath or even 
immersed inside it , but in the latter case, with liquid baths, cIectrol}-sis tends 
to take place, which rums the coils, evrn when using alternating current , 
hence it is alvva}-8 advisable to enclose the heaters for protection 

Convenient heating elements can be made b} inserting coiU of mchrortie 
wire in test tubes filled with oil It is sometimes an advantage to place an 
auxiliary heater near the regulator itself, and this can be done simply by fusing 
a length of tungsten wire into a tube of high melting point glass and bending 
to a convenient form 

When oils or similar inflammable liquids are used as bath liquids, it is 
sometimes advisable to insert a safety device in the heating arcuit Othenvise, 
the bath may become overheated if one of the components, such as the rela), 
fails This safet} device can take the fonn of a fusible link in the electrical 
heating circuit The link is placed iti a metal or glass sheath which is immersed 
in the bath, so that when the link melts it breaks the arcuit and falls into the 
bottom of the sheath Fusible links of numerous components*® and pro- 
portions can be made or obtained to suit an} desired temperature 

The method of making the bath liquid an electrical conductor and heating 
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by passing the current between resistant electrodes is not to be recommended, 
because electroljtic action may take place, and also the heat evolved is badly 
distributed. Baths of this type have, however, been devised. For instance, 
S. C. Collins has described an arrangement for the automatic control of such 
a bath where one of the electrodes which conducts the electricity into the 
bath is contained in a pocket. The unbalancing of a U-tube arrangement 
containing ether ;md mercury, inserted in the bath, causes a glass plate which 
is attached to the tube to close the mouth of the pocket, and so to cut down 
the cross-section of the column of conducting liquid. 

.-knother form of electrolytic heater consists of glass tubing, of convenient 
length and bore, bent to fit the water bath and filled with sodium hydroxide. 
Two steel rods or wires, inserted into the two open ends of the glass tubing, 
serve as electrodes. The resistance of the heater is adjusted by varying the 
concentration of the electrolyte or the distance between the two eleetrodes. 
The current density at the electrodes should be limited to less than 1 amp/cm- 
otherwise a.c. electrolysis commences and the electrodes corrode. The 
electrodes also corrode in sodium chloride solution. Concentrated sodium 
hydroxide gives the best results. The heater tends to give out more heat at 
higher temperatures due to greater electrical conductance. The heater should 
not be used in air because it may be over-run. 

General purpose electrical circuit 

In addition to the electrical circuits already described with particular 
objectives, the circuit described below will be found to be an arrangement 
with useful adjustments available (Fig. 10). The heater II for the bath is of 



Fig. 19.--Circult for electrical Iicnllng of li.atli 

low heat capacity and is of the “ three heat " type. It is opcr.ited througli a 
“ three heat ” switch 5,. The rcsist.ancc A’, is the principal control resistance 
a.ad R., is the .auxiliary control. Both these re.sistances arc short circuited by 
tlic switch 5; when it is required to heat the bath quickly. 
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The auxiliary resistance is brought ui or out of the heater arcuit by 
the solenoid operated switch S 3 which is controlled by the thermoregulator 
through the solenoid CO A small 4-volt lamp may be incorporated in the 
circuit to show when the resistance 7?* is in circuit, that is, when the thermo- 
regulator IS operating to cause a fall of temperature 

The solenoid is in senes with a high-value resistance and the thermo- 
regulator IS connected across the solenoid When contact is made in the 
thermoregulator, the solenoid is shoit-cirouted, and the switch Sj opens 
Fuses F, and Fj protect the circuit from overload, and an indicator lamp i,. 
connected through a resistance for direct current or a small transformer for 
alternating current shows when the circuit is functiomng 

Operation — With switch <5^ at “ Full ” and wth Si closed the bath heats 
quickly 'When the required temperature is approached, 5* is turned to the 
“ Medium position and Si is opened, 83 should now be closed unless contact 
has been made in the thermoregubtor with S^ closed, Ri is adjusted to give 
a slowly rising temperature At the desired temperature the thermoregulator 
IS adjusted to make contact thereby opening S^ With this switch open, Ri 
is adjusted to give a slowly falling temperature 

After these adjustments have been made, no further alteration should be 
necessary unless there are large temperature disturbances 

Assuming that a 1000 watt 3 heat immersion heater on a 230-vQlt 50-C)cIe 
a c supply 18 suitable for heating the bath, up to a temperature of 210° F, 
the value of the variable resistance F, would be between 50 and 120 ohms, 
F, also a variable resistance, of about 30 to 300-ohms, and Ff a fixed resistance 
of 7000-ohins The switch S, can be an enclosed vacuum mercury switch, 
working in conjunction with the solenoid CO 

Insulation of bath 

Good thermal insulation of the bath is essential, both for the conservation 
of heat and to minimize the effects of extraneous temperature changes The 
form of insulation will of course be governed to some extent by the method 
of heating Cork, either m the form of slabs, fine granules, shavings, or hair 
felt, can be used for this purpose up to moderate temperatures Wood serves 
as an insulator, and its effect can be improved by filling the space in a wooden 
box surrounding the bath with some other insulating matenal, such as 
diatomaceous earth When the size of the bath can be small, Dewar flasks 
may be used A wooden case surrounding the flask serves as a protection 
and as a means of maintaining the temperature of the air around the flask 
moderately constant 

Constant level devices 

To maintain a constant level to make up for evaporation, etc, vanous 
constant level devices are available***® but the best known is based on 
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the Mariotte bottle principle in which a supply of water or other fluid in a 
reservoir is held back from running through a tube into the bath by the partial 
vacuum in the closed top of the reservoir. This vacuum is relieved when the 
liquid level in the bath falls below the level of the open end of another tube 
connected to the top of the reservoir. 

Mention may be made here of a modified design of the air entry tube of 
the Mariotte bottle suggested b}' Holmes for special applications where the 
level of a small quantity of liquid has to be maintained udthin close limits. 
"With the normal design of Mariotte'bottle using ordinary' laboratory tubing, 
the entry of air into this tube to relieve the vacuum causes the entire column 
of water to lift ahead of it and rush into the bottle. This may cause a volume 
of water to flow out far in excess of that required to restore the former level 
in the bath. Holmes has modified the air entry' tube to prevent this action. 

Some devices require drilling of the bath vessel which preclude their use 
with certain types of material, others require to be placed in a position easily 
accessible to a water tap and drain. They tend to waste water, sometimes even 
hot water. Again, if the water is not soft enough, distilled water cannot be 
used instead. For these and other reasons careful thought should be given 
when selecting a suitable constant level device. 
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CHAPTER 4 


Thermostats for use at atmospheric tempera- 
tures, employing regulators depending on the 
expansion of volatile liquids 


When the temperature of the space to be controlled is within the range of 
fluctuation of atmospheric temperature, cooling as well as heating arrangements 
have to be provided. The space to be controlled may be m the form of an 
air-oven or liquid bath. 

Air-ovens » 



Fig. 20. — Incubator >vith provision for cooling or heating circulating water 

An example of the air-oven type is the Hearson apparatus (Fig. 20). It 
consists of a water-jacketed chamber, a vessel containing ice, and a heater, the 
whole apparatus being thoroughly heat-insulated. The regulation of the 
temperature within the chamber is effected by a small stream of w'ater which 
runs continuously through the apparatus by one of three courses, the particular 
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course being determined by the thermostatic capsule These three courses 
are — 

(1) Heating passage through a boiler, 

(2) Cooling passage through ice, 

(3) By-pass passage direct to waste 

The stream of water is supplied through a horizontal tube which is bent o\er 
at the end and pivoted so that, as it motes from side to side, it parses over 
the open ends of two adjacent trertical pipes If the chamber is being heated, 
the water from the tube passes through the right vertical pipe A and through 
the heater, where it is warmed before entering the water-jacket of the chamber 
When the desired temperature is attained and the necessary adjustments have 
been made, the tube is moved over to the left bj the capsule-actuated lever, 
and the water flows into the space between the \ertica! pipes and so to waste, 
without affecting the incubating chamber If the temperature of the room 
is higher than that required in the incubator, the horizontal tube wall continue 
to travel towards the left, so that the water 
runs down the ]eft*hand pipe B and passes 
through the ice-bor, where it is cooled, and 
then into the water-jacket, so lowering the 
chamber temperature to the desired point, 
when the capsule will partially collapse and 
cause the stream of water to pass again betw een 
the two pipes 

The infers appreciate the fact that should 
the water supply fail, the incubator control wnll 
not function, and they have devised an 
apparatus to obviate the use of running water 
where there is an} risk of its failure By means 
of a two-way switch connected to the capsule 
lever, current is switched on either to heating 
coils m the oven or, if cooling is necessarj, 
to a motor which drives a pump to arculate 
water in the jacket ov er a supply of ice 
When the temperature required in an oven is ahvajs slightly above room 
temperatures, cooling is unnecessary and a simpler arrangement can be used , 
for most incubators this meets the temperature requireinents The control 
generally consists of a capsule containing a volatile liquid placed in the heated 
space, the expansion of the capsule causing movement in a weighted lever 
which opens or closes a gas valve or makes or breaks contact m an electncal 
arcuit 

In a form of oven where the heating is b} means of a burner, the control 



Showing mam heating flue and 
capsule cofttrolUog by pass flue 
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can be very simple. For instance, the hot gases from the burner may proceed 
either directly through a vertical flue at the side of the oven or may be by-passed 
so as to flow around the oven and heat it (Fig. 21). The direction of flow is 
controlled by a capsule-controlled damper which closes the top of the direct 
vertical exit when the temperature falls. When equilibrium is reached, the 
damper hovers just above the exit and permits a portion of the hot gases to 
escape. 

Water-baths 

In order to cool water-baths, tap water, previously cooled if necessary, 
is either added to the bath or passed through pipes immersed in the bath. 



Efficient stirring must, of course, be maintained. The flow of water to the 
bath may be controlled by modifying a toluene regulator of the gas type 
(Fig. 7). Cooled water is used instead of gas, and a rise in the mercury column 
cuts off the supply of cold water to the bath and diverts it to waste. This 
method is for small baths only. 

Siphon systems . — Baths which are cooled by the addition of cold water 
require some means of keeping constant the level of the uater in the bath. 
A number of such devices have been described by Wilde ' and take the form 
of siphons of various designs. The use of siphons eliminates the necessity 
for drilling a hole in the bath, as this may be difficult to earn,- out with baths 
made of certain materials. An interesting detyce working on the same principle 
has been described by Bencowitz and Hotchkiss - and is illustrated in Fig. 22. 
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Cold water is supplied to the bottom of the bath bj the pipe 4 Excess \Tater 
in the bath flows into the dosed-ended tube S, from which it is siphoned into 
C and runs to waste through D This occurs when the head water in B 
IS sufficient to cause a displacement m the direction of C. The tube £ is a 
safetj overflow The siphon does not break, as its ends dip into reservoirs 
of water in B and C, and flow onlj occurs whea there is a head of water suffiaent 
to cause a displacement in the direction of D 

OthrruT fioK-eonlroller — A controller to regulate the quantity of water 
added to the bath has been described bj Othmer * (see Fig 23) A vapour- 
pressure bulb, containing ethjlene otidc, is immersed in the bath and connected 
to the flow -controller b} a tube containing mercurj The level of the flow- 
controller IS adjusted so that the vapour pressure of the liquid m the sensitive 
bulb at the set temperature forces the mercun high enough to submerge the 
inverted V-wcir of the central tube 

Cooling water flows into the tube at the upper left side of the flow- 
eontroller and, when the mercurv is below the level of the weir, dowTi the 
annular space, up through the inner tube, and out 
through the diKharge tube on the left to waste As 
the mercurv nses and throttles the flow through 
the weir, the water nses in the annular space and 
overflows through the tube on the nght «ide, running 
direct!) into the stirred water of the bath 

Both outflow tubes have insealed Ups to 
faeJitate visual inspection of the compataute 
amounts flowing in each and are vented to prevent 
siphoning 

Control with a reverse action to that descnbed 
IS made b) interchanging the connections on the 
left and nght arms. For temperatures above that 
of the room, an) temperaturt-pouit below that of 
the hot water available ma) be maintained with this 
arrangement. Hot water discharges through the 
left arm to suppiv the heat required, Ethvl ether 
IS 3 suitable sensitive liquid for this range of 
temperature 

Baths for temperatures between 15“ C and 25“ C require provision 
for both heating and cooling Two liquid flow-controllers are therefore used, 
one diverting a stream of cold w^ler and the other reversed in action and 
diverting a stream of hot wuter, both controllers being connected to the 
same sensitive bulb m the bath With the two weirs at the same height, 
increase of vapour pressure in the bulb raises the mercurv level to throttle 
both simultaneouslv This increases the cold water flow and decreases 
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the hot-water flow to the bath, the respective flows to waste changing to 
compensate. 

The same controller can be used for other purposes. For regulating the 
gas supplied to a burner, the gas is introduced through the upper left arm 
and discharged through the lower left arm, all other openings save the bottom 
being plugged. Again, in distillation processes, the flow-controller can be 
adapted to control the stillhead temperature by regulation of the amount of 
wash liquid returned to a fractionating column. 

Schmitt thermostat . — As an example of a thermostat using the principle 
of passing suitably tempered water through pipes immersed in the bath, that 
of Schmitt may be instanced (see Fig. 24). Any temperatures uithin the 



Fig. 24. — Thermostat for temperature-range between 10’ C and 40’ C 


range 10° to 40° C may be maintained. The water passing through the coil 
in the bath is drawn from a pre-thermostat, which is regulated to a temperature 
just sufficiently below that of the main thermostat to provide adequate cooling 
when the water is made to circulate rapidly. The amount of cooling in the 
main thermostat is controlled by the difference in temperature between the 
pre-thermostat and the main bath, and by the rate of flow in the cooling coils, 
the latter being controllable by a valve. The pre-thermostat is cooled by the 
passage of ice-water from a constant-pressure system through a copper coil 
immersed in this bath, compensatory heating being obtained by a heating 
coil immersed in the bath and controlled by a toluene regulator. The 
temperature-difference between the two baths depends on the temperature 
desired. At 20° C the best results are found to obtain uith a temperaturc- 

4 .*} 



THERMOSTAT^ 


necessary to obtain successful operation a somewhat full descnption will be 
given of the method thej employed Fig 21 shows the regulator, together 
with the accessories for filling it All the components are of glassware, apart 
from the two contacts which are sealed in pyrcT, one at A consisting of a 



tungsten wire with a platinum tip, and the other at B of tungsten An 
important essential, and one on which the successful final operation depends, 
IS that the glassware be thoroughly cleansed This can be done in the usual 
way with chromic acid, finally rinsing with distilled water After the glass 
system has been cleaned and then dried by sucking dry hot air through the 
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tubes, it is suitably supported to withstand the weight of mercury which is 
to be placed in it. Mercury is introduced into the retort D, and C 3 is sealed off. 
The system is then connected to a vacuum pump, with stopcock Jj closed and 
stopcock G open to bulb F. When the pressure is as low as the pump will 
produce (preferably less than OT mm Hg), heat is applied to the retort D 
and mercury is allowed to distil into the system. When the mercury has 
attained a height of 35-40 cm on each side of the U-tube, the heating is stopped. 
The bulb H is filled with carefully dried ether and the stopcock G turned to 
allow it to run into F. G is then closed and a little mercury put into H, to form 
a seal for G. The stopcock y, is closed and G opened to the system, when the 
bulb F can be very gently warmed (with the hand) until about 2 ml of ether 
have collected on top of the mercury column. During this process the mercury 
column on the ether side drops by about 25 to .30 cm with a corresponding rise 
in the other limb. The seal C, may now be sealed off, but in doing this care 
is required, or the ether vapour will blow out on heating ; it can be done in 
the following way. As much ether as possible is collected away from Cj by 
cooling the system about A and E with ice or solid CO ,. The sealing can then 
be effected in the usual way. The cooling medium is removed and the mercury 
in D again heated. When the level of the mercury in the limb on the same side 
as C 2 is about 80 cm above the stop-cock jf,, the heating is stopped, J, opened 
slightly and the mercury allowed to flow into K, and the stop-cock then closed. 
C 2 may then be scaled off. 

To set the regulator, the following procedure is adopted. Allow it to 
attain equilibrium in the room where constant temperature is desired, then 
open y,_ slowly and allow mercury to rise about 1 cm above the point A. If 
atmospheric pressure is low, it may be necessar}' to pump a slight amount of 
air from K to accomplish this. Close _72- The regulator is then connected to 
a relay system governing the heat supply. 

Yee^ has modified Green and Loring’s design to enable the regulator to 
be constructed elsewhere than in the place where it is to be used and also makes 
it adjustable over a temperature range of 20° C (20° to 40° C). 

The regulator is shown in Fig. 26. A vapour chamber A has a bottom 
tube B sealed into it at C so that the liquid ether may be held in A. Tube D 
extends through A to the bottom of B and contains the mercury which is distilled 
over from P and the tube then sealed at Q. N holds the ethyl ether which is 
distilled into A, and its connection also sealed off, at S. 

A fitting but freely moving plunger J actuated by a thumb-screw T, with 
a flexible seal K, allows the reservoir of mercury F to be put into communication 
or sealed off from B to allow adjustment of the mercury content of D and its 
connections. This is done by lowering the plunger below G to cut off the 
mercury in the reservoir when the room temperature is about 0-5° C below 
the required temperature. This plunger, moveable through a distance E, 
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IS also used to make the final adjustment for the temperature control by 
forcing the mercury into the upper part of D until it barely reaches contact 
point H at the desired temperature 

Other methods ^ ^ of regulation of room temperature are possible, but 
in all cases the form of the regulator, the form 
of heating and method of mixing the air haie 
to be carefully considered in relation to each 
other The importance of thorough mixing 
of the air cannot be ot cr-emphasised 

The necessary extreme turbulence of the 
air in the room is achieved by Deigbton* bj 
the aid of eight or more electnc fans suitably 
distnbuted in the room One fan blovrs air 
over the elements of the fire or heater This 
IS made of low heat>capaaty by supporting 
three sets of nickel chrome wire resistances 
on light, rectangular uralife frames These 
resistances are placed one behind the other, 
vertically The expansion liquid used m the 
thermostat itself is paraffin acting on a 
column of mercury m a U tube The U tube 
contains the contacts The paraffin is enclosed 
IQ a long “ compo " pipe which is fixed around 
the room about a yard from the floor, ending 
at the end remote from the U-tube, in a 
heat absorber of giUed copper tubing of a form 
similar to the old type of motor-car radiator 
This heat absorber, fixed immediately behind 
the heater, is a special feature of the thermo- 
stat and acts as a brake ” controlling the 
motion of the mercury in the contact tube 
after make and break of the current The 
heater owing to its small heat capacity, cools 
rapidly when the current is cut off, and when 
this OCCUR the fan in front of the heater 
blows cool air on to the heat absorber, causing 
contraction of the paraffin in it and thus 
offsetting the continued nse of the mercury due to lag Similarly, at ‘ make,’ 
the heater warms up quickly and hot air is blown on the heat-absorber, 
causing the lag to be taken up as before The size of the heat absorber 
should be arranged so that the religr operates every 10 to 25 sec It is 
essential that, if variations of atmospheric pressure are not to affect the 
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thermostat, the whole of the *‘ compo ” tube and heat-absorber be filled 
with paraffin and free from air bubbles before sealing. A more uniform tem- 
perature in the room can be obtained if the heaters are split up as previously 
suggested and some of the heat is generated in the opposite part of the room. 
Suitable insulation of the u alls of the room also assists in maintaining uniformity 
of temperature. 

Solid-expansion thermostat for room temperature control 
^Mention may be made of a thermostat® which, while not dependent on 
liquid-e.xpansion but rather on solid-expansion, is, however, used for room 
temperature control such as is considered in this chapter. The sensitive 
element, a stainless steel strip 80 ft. long, I in. wide and 0-010 in. thick, is 
supported on pulleys around the walls of the room at a height of about a yard 
from the floor. Variations in length of the strip, magnified fifty times, cause 
a low-voltage rela}' to act which, in turn, through a magnifying lever of 6 to 1, 
causes the operation of a contactor to control a number of heating elements. 
In this way, slow movement of the first lever is converted, through the medium 
of the relay, into a rapid make and break in the second contactor, which controls 
a larger power-supply relay. 
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CHAPTER 6 


Mercury-expansion thermostats 


The mercury-expansion regulators described m this chapter are in a different 
category from those described m Chapter 3 in that, in the latter, the regulators 
considered are those which are solely used to control the temperature of an 
air or liquid bath for laboratory work In this chapter mil be considered 
miscellaneous applications of the expansion of mercury in a somewhat different 
manner, for both laboratory and industrial purposes 

Mercury thermometer type 

One of the earliest, and still used, forms of thermostat, is that of a simple 
mercurial thermometer into which are fused two platinum wires connected 
in senes with a batter) and relay One plaUnum wire is sealed into the bulb 
and the other at a predetermined point at a certain height which represents 
a definite temperature , the mercury thread completes the electnca! circuit 
at that temperature A suitable reU) operates air, steam or gas \al\ea as 
required This form of instrument was onginally designed for such purposes 
as maintaining greenhouses at a fairly even temperature, the rela) opening a 
cold air \alve when the maximum temperature was reached 

By sealing in a number of platinum contacts at lanous points along the 
length of the bore of the thermometer, any of these contacts may be selected, 
according to the temperature required 

An adjustable form of instrument is a\ailable, m which one terminal is 
connected to a small spiral of platinum wire inside the bore A glass capsule 
containing a" short piece of iron is located at the top of the thermometer tube, 
to which IS attached a length of platinum ware passing through, and making 
contact with, the platinum spiral and formmg the upper contact The capsule 
can be mo^cd up and down m the tube by means of a permanent magnet 
apphed externally and hence the regulator can be arranged to make contact 
at any temperature tvithin the range of the instrument (See Fig 27 ) 

These thermostats may be made to operate control rahes through a 
thermionic relay 

A maximum and mimmum thmnometer can be fitted with adjustable 
contacts and used to indicate by audible or \isible means whether the temperature 
IS too high or too low Another w^ in which this can be achieied with the 
ordinary type of mercury thermometer thermostat is to have “high’ and 
“ low ' points For the “ high-pomt” alarm an open circuit is used, which 
Kfi 
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the mercury itself closes as it reaches the upper platinum wire. For the “ low- 
point ” alarm a closed circuit is used, which the mercury opens as it recedes 
below the lower platinum wire. The alarm device is actuated by means of a 
relay w'hich completes a secondary circuit when the mercury circuit is broken. 


An apparatus depending upon the expansion 
of mercury to regulate temperature in a some- 
what different manner, viz. by utilizing its mass, 
will now be described. This apparatus consists 
of a double-walled vessel, the space between the 
walls containing a liquid having a higher boiling- 
point than the temperature at which the space 
inside the walls is required to be kept constant. 
In this liquid is immersed a vessel full of mercury, 
W'ith the outlet drawn out to a capillary,tube, also 
full of mercury. The open end of this capillary 
tube dips into mercury contained in a cup which 
is attached to a ring encircling the outer vessel. 
This ring is balanced about a diameter by two 
pivots in the sides of the vessel, and is attached 
by means of a lever to the gas-cock. The ring is 
balanced for a required temperature by means of 
weights on its opposite side to compensate for the 
mercury ejected up to this temperature. When 
the temperature increases or decreases beyond 
the required temperature, mercury flows out of 
or into the vessel in the bath, unbalances the 
ring, and correspondingly moves the lever which 
controls the gas-supply valve. One of the 
principal difficulties in the use of this thermostat 
is that of obtaining a freely-moving gas-cock. 

Voltage regulator 

A regulator has been devised bj' V. H. Stott, ^ 
which whilst not controlling the temperature 
directly, does so indirectly by keeping constant the 
root-mean-square voltage applied to the furnace 



Fig. 27. — I.A.C. adjustable- 
contact type mercury-ther- 
mometer thermostat 


terminals. It must be pointed out that the temperature of the furnace will 


not be maintained at a constant value where there are large fluctuations of 


room temperature over long periods. With the regulator in normal operation, 
the voltage remains at a certain minimum value (subject to mains fluctuations) 
for about 10 seconds, after which it is raised some 20 per cent and remains 


at the higher value for about the same length of time. The cycle is repeated 
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indefinitelj and the times dunng which the maximum and minimum voltages 
are applied are adjusted automatieallj so as to maintain a constant mean square 
toltage per cjcle The ratio of the maximum to the minimum \oltage may 
be xaned to suit different circumstances As the extra loltage becomes greater 
the time of a completed cjclc of control becomes less the two magnitudes 



Fig 28 — Anangement of mercury tbermometers [n Stott regulator 

being roughly imersely proportional The cyclic penod is too small to affect 
the temperature of a furnace of ordinary size 

The regulator (Fig 28) consists of a bulb containing mercury, wound with 
a heaUng coil which in senes with an adjustable resistance, is shunted across 
the points in the furnace circuit where xoltage control is required * A platmum 

• These points ma> either be the terminals of the furnace or rheostats may be 
included for con^enlence of control 
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wire is sealed into the bulb and another into a capillary tube projecting from 
the bulb. The bulb and capillary function like a mercury thermometer. The 
platinum wires are connected to the input side of a delicate relay containing 
a mercury-tilting switch. The output side of the relay is associated with the 
furnace circuit in such a manner that contact of the mercury with the upper 
platinum wire reduces the main furnace current. With suitable adjustment 
of the maximum and minimum currents, the temperature of the central 
thermometer is maintained automatically at 125° C. Energy proportional to 
that supplied to the central thermometer is supplied to the furnace. In order 
that this energy may be affected as little as possible by variations in the 
temperature of the room, the bulb with its capillarj' is placed in a large vessel. 



the annular space between the two being kept at a temperature of 50° C by 
means of a heating coil on the inner surface of the outer pot. The current 
through this heating coil passes through the output circuit of a post-office 
relay controlled by a mercury thermometer, so that thermostatic action is 
achieved. 

The wiring diagram for d.c. mains is shown in Fig. 29. In the case of 
a.c. mains, direct current must be used to operate the relays. For a given 
value of Rj it is possible to calibrate the furnace temperature, when in final 
equilibrium, in terms of Rj and R,. It is necessary to see that the proportional 
change of voltage produced by the regulator is considerably greater than any 
such change likely to occur in the mains voltage. 

It is possible to adapt the apparatus for slow-heating or cooling. 

After some experience with this thermostat, it was found that the end 
heat losses were greater than was originally supposed. They may be eliminated 
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by using a nar^o^^e^ and taller outer pot and arranging the lagging so that 
there is an air space round the top and bottom of the inner pot, as t^ell as round 
the sides The narrower pot is placed eccentrically so as to leave room for the 
outer bulb The eccentric arrangement also facilitates the circulation of ait 
by comection 

Reference 

Stott J Sn I/tslr IMl 8 313 316 
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CHAPTER 7 


Qassification of control equipment 


A LARGE proportion of industrial control instruments are of the pneumatically 
operated tt'pe. This system provides adequate power to operate all except 
verj’ large, or high pressure, valves and thus meets most requirements. For 
the oil industry in particular, the absence of flameproofing problems makes 
the system particularly applicable. 

Air operation enables the mathematical functions of modern temperature 
control to be very easily obtained with simple mechanisms. Hydraulic control 
mechanisms have not developed so rapidly and their use is chiefly confined 
to boiler control. 

A recent development which has promising features is the use of oil with 
ser-vo-mechanisms in conjunction with electronic measuring and amplifying 
systems (see p. 137). 

Electrical control mechanisms are largely confined to electrically heated 
furnaces, although there are available electrically controlled valves to control 
liquid flow. 

Before proceeding to a consideration of some industrial types of air- 
operated regulators, it may be adtdsable to explain some of the terms used 
in connection with regulators or controllers. Despite the tremendous variety 
of these instruments, the majoritj' are based on three main methods of control, 
which may either be in their original form or in combination with each other ; 
a limited number of mechanisms employ derivations of these systems. 

(1) The “ on-and-off ” method of control 

Other terms applied to this categorj' are ; “ two-position,” “ open-and- 

shut,” “ fixed-position ” and the various “ stats.” The French term is 

veiy apt ; “ totU ou rien.” 

The on-and-off method of control is the most primitive and is characterised 
by the fact that the controls — meaning valves or contacts — can be in one of 
two positions. In one position the temperature is too low, and in the other 
too high. A sudden movement of the controls takes place from one position 
to the other. It is evident that a permanent oscillation of temperature must 
result, with an amplitude and frequency depending on the characteristics of 
the plant and on the extent of the variations in the conditions caused by the 
control. In the “ three-point control,” three positions are provided, one 
lying about half-w'ay between the other two. The temperature is just correct 
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when the controls are m the middle position When the conditions change, 
to make the temperatnre depart from the desired value by a certain small 
amount, moiement of the controb takes place On-and-off control using 
simple globe or balanced-disc \al\es is simple and cheap, particularly where 
large valve sizes are required The on-and-off method of control is the one 
normally used in laboratory thermostats using electrical heating 

The on-off method has an advantage m industrial practice in that by 
applying large changes of heat input to the furnace large temperature gradients 
are developed which speed up the flow of heat from the source to the contents 
Two-position control is generally applied to processes where the heating 
or cooling rate is small compared with the thermal capacity of the sjstem 

(2) The proportional method 

This type is also called “ corresponding control ” and " throttling control ” 
the latter due to the definitely allocated band of values (termed the “ throttling 
band ’ ) in which the mechanism acts This band may either be '* narrow," 
say less than 10 pet cent of the scale width, ot “ wide," m which case the 
band of proportional response may extend in some cases over the full scale- 
range of the in trument In the " on and off ’ system, small deviations of 
temperature cause the same movement of the control» as large deviations, and 
It would sometimes be more convenient, as in proportional control, to connect 
the position of the controls with the extent of the departure of the temperature 
from the set v alue This can be done fairly readily with air-operated controllers 
{ude infra) in which the air-flovv is throttled by a varying amount, resulting m 
variation of pressure in the head of a diaphragm valve regulating the flow of 
fuel gas, or other heating medium The same principle of proportional control 
can, however, be used in mechanically operated controllers, which move the 
valve by an expanding solid or fluid medium, as well as in electrically-operated 
controllers, so that the term proportional is more apt 

The proportional control system can be represented by the equation 
0 = 0^--kte 

where 6 denotes the valve position , the displacement of the valve from 
the normal position per unit of error , e the error or deviation from set-pomt , 
8 q the valve position which gave control under initial load conditions 

The proportional band or throttling range is the range within the limits 
vvbere the valve is fully open or fiifly dosed Within this throttling range there 
IS a fixed and proportional position of valve opening for each temperature 
The throttling range is adjustable, and each application requires an adjustment 
which must be established by trial A narrow throttling range causes a large 
change of heat input for a small departure of the temperature This will restore 
the temperature more quickly, but m doing so it has the same effect as on off 
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control and tends to overshoot and cycle badly. A M-ide throttling range does 
not restore the temperature quickly enough and tends to give larger errors 
with load change. 

The correct throttling range is established by gradually decreasing the 
throttling range under proper load conditions until the temperature begins to 
CA'cle badlj" and then increasing it until the cycling amplitude is decreased to 
the proper value. 

With proportional control a rather important effect occurs when the load 
changes. For example, if the sj'stem is controlling the temperature of water 
flowing through a tank b\' controlling a valve supplying steam to heat the 
water, and the flow of water through the tank is suddenly increased, then the 
steam input must also be increased. The steam valve opening at an}' time is 
dictated by the delation of the water temperature from the required point at 
that time. The temperature, however, will not return fully to the required 
value, because as it begins to rise the valve begins to close again. The 
temperature will therefore remain at some value below the required temperature, 
and the only way in which the valve opening can be increased to provide for 
greater flow of steam is for the controller to settle out at the new temperature 
below the fixed point. 

This deviation or depression from the control point is called the offset, 
load error or droop. It will be seen that the smaller the throttling zone the 
smaller will be the error of this type caused by changes in load, steam pressure, 
calorific value of the fuel or electric power voltage. 

Principle of mechanism 

The mecharusms* for air-operated proportional control systems generally 
take one of two forms. The pointer of the measuring system is connected 
to a flapper which restricts the flow of air from a jet and so sets up a back 
pressure of air which actuates a diaphragm valve (see Fig. 113). The back 
pressure is a function of the distance between the flapper and jet. A region 
of linearity exists of the order of O-OOI in. and various mechanisms are employed 
by manufacturers to increase the effective width of this region so as to obtain 
a proportional band of the required width. 

A simple method of amplification is to connect the measuring system and 
flapper through a lever system, having a large and adjustable mechanical 
advantage, instead of directly' together. A large movement of the pointer is 
thus required to move the flapper through its proportional band. In practice 
it is difficult to avoid lost motion by this system, due to slight play in the 
connecting linkages. 

The other method of obtaining proportional control is to replace the flapper 
by a blade or vane, moved by the measuring system between Uvo opposing 
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nozzles This latter system has the advantage of putting less loading on the 
flapper and hence on the movement of the measuring device (Fig 31) 

To obtain ampliflcation ivith this method a shaped vane may be used (see 
Fig 32) The arc of the vane is cut to have the same radius as the distance 
from the nozzle to the axis of rotation of the too pivoted nozzles 



Fig 30 — Pfoportional control 
Morale and dapper type 




Fig 32 — Proportional control 
Shaped vane and adjustable nozzle type 


(3) The *' floating control method 

The name “ integrating ’ control is sometimes given to this classification 
In this system the controls are not placed in a position directly related to the 
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temperature, but are slowly moved, sometimes continuously, in one direction 
or the other, the rate of motion and its direction depending on the direction 
and extent of the deviation of the temperature from the desired value. The 
valve is thus kept slowly oscillating. If hunting is to be avoided and the valve 
stopped before it has reached the limit of its travel before the error has been 
corrected, the rate of motion of the control valve must be very slow. This 
is the main disadv'antage of the “ floating ” method. 

In another type of floating control with “ high-off-low ” contacts there is 
a definite inert space, or dead zone, between the tivo contacts, which further 
limits valve motion and avoids continuous hunting of the temperature. 

Mathematically the proportional speed floating control system can be 
represented by the equation ^ 


where t is the time that the system is away from the set point ; the rate 
of valve opening per unit error or deviation from the set point. 

On integration this equation gives 

6 = 6q — ® 

where S’o is the constant of integration and represents the initial valve position 
when the controlled variable was at the set temperature point. 

From this equation it can be seen that the valve opening is proportional to 
the integral with respect to time of the deviation from the set-point, hence the 
term “ integrated error control ” for this form of control. 

The advantage of floating control over proportional control is that it always 
brings the controlled variable back to the set-point, provided the load change 
is within the capacity of the controlled valve. Floating control is useful where 
load changes occur, provided these are slow changes. 

Two-speed floating control, using two high and two low contacts, allows 
the rate of valve movement to be faster as the temperature departs farther 
from the control point. 

Proportional plus floating control 

The benefits of both the " proportional ” and “ floating ” methods of 
control can be secured by using the proportional method as the basis of control, 
with the floating method to giv'e a slow motion of the controls. The mechanism 
imposing the floating action on the proportional controllers is known as a 
“ stabilizer.” 

The floating control in itself is not in common use, but as a component 
of more complex types, as that just indicated, it is quite important. 
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Other names for this duplex type are — “ throttling plus-floating,” 
“ throttling plus-reset,” ” proportional reset,” etc 

A form of control closely allied to the simple t«o position class is what 
has once been termed the “ two-position with rate” control, or what is more 
commonly called the ‘‘ constant-speed floating ” control As the term implies, 
It differs from the t« o position type in that it gives to the action of the controlling 
mechanism a definite rate when the temperature is on one side or the other 
of the control setting 

la practice when cotnhmed with a pcopoctional controller, the adjustment 
of the floating action is not critical, provided the floating rate is sufficiently 
slow to prevent it from causing hunting Higher floating rates may be employed 
in conjunction with proportional control without causing hunting, than with 
floating control alone 

In a floating and proportional controller thetalve movement is proportional 
to the combined effects of the floating and proportional methods, or expressed 
mathematically the valve position 0 is proportional to the algebraic sum of the 
floating and proportional effects — 

6 = 0(, y t Jt ~ e 


Principle of mechanism 

In proportional control systems a pressure is applied to the controlled valve 
which is proportional to the deviation of the temperature from the set point. 
If now this pressure is also fed through a rcstnction to a bellows whose 
elongation is opposed by a spring then the rate of increase of pressure in this 
bellows, and hence its rate of movement, is proportional to the deviation of 
the temperature from the set point (It is assumed that the total volume of 
the bellows is large compared with the increase in volume ) 

If the bellows is made to act on a pilot valve, or nozzle flapper assembly, 
a rate of change o( valve movement, and hence a rate of change of valve position 
can be obtained which is proportional to the deviation of the temperature from 
the set point 

The principle of applying a floating component to a proportional controller 
has been illustrated by Broadhurst and others* and is shown in Fig 33a 
Assume that the air pressure applied to both the balance and proportioning 
controTler is l!* 'fb ^in*^, then ftie proportional contro’Jler is arrangeci to give 
an output of * lb /in * when at control point Then bellows A and D hold the 
arm m balance, since D has half the leverage of A At equilibrium the beam 
can remain in balance for any secondary pilot-valve pressure since B and C 
are at the same pressure and have equal mom«its If now a load change takes 
place and the pressure m A increases, the balance deflects and the secondary 
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pilot valve readjusts itself until the pressure in B equals that at A. This is 
only a transient state, however, since the pressure in B begins to leak through 
the needle valve into C so as to equalize the pressures in B and C. Therefore 
the secondary pilot moves to increase still further the pressure applied to the 
controlled valve and to B. Finally, when the system has settled to equilibrium 
at the new load, the value of the temperature is again at the set point, the 
pressure at A has returned to .r lb., while the pressures in B and C are equal 
but at some higher pressure than that which they had before the load 
change. 

With this arrangement the needle valve is the restrictor and C the bellows, 
which add to the valve movement the integrated error term. The value of the 





Fig. 33a.— Principle of floating component Fig. 33b. — A variation of the system 

As applied to proportional control illustrated in Fig. 33a 

constant A, is varied to suit process conditions by varying the opening of the 
needle valve. 

Different manufacturers use variations of the above principle such as that 
shown in Fig. 33b. Instead of feeding the proportional pressure through a 
restrictor into the floating component bellows, the proportional pressure is 
applied to a chamber B and so compresses a subsidiary bellows D connected to a 
further bellows E which acts back on the nozzle. The floating component is 
then added by the leak valve which allows the pressure in the subsidiary and 
last bellows to vent to atmosphere. Thus at equilibrium the pressure in these 
two bellows is atmospheric, although it may be above or below this pressure 
when load changes are occurring. 

First Derivative Control 

This control is a recent application and gives an opposing valve displace- 
ment proportional to the rate of change of the temperature from the set point. 
It cannot be used alone, since it would permit the temperature to balance out 
at any steady value. Expressed mathematically the valve position is proportional 
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to the first differential of the control error— 



where is the displacement of the \'al\e per unit rate of change of error 

Proportional plus floating plus first deri\ati\e control 

Den\ati\e control is incorporated nrth proportional plus floating control 
(see Fig 34) and assumes the simple expediency of delajmg the action of the 
follow up of mechanism to some extent For if a process is subjected to wdc 
load changes and considerable measuring lag, then proportional plus floating 
control may be unable to pretent considerable departure from the set tempera 
ture followed by either a \ery slow return to set temperature or a rapid return 
with considerable hunting 

If a first dent'ative control is added then immediatel} e changes at a finite 
rate, corrective action is applied to reduce this rate Similar action of this 
term slows up return to the set temperature after a disturbance 



Fig 34 —First derivative rontrol 
As applied to proportional pins floating control 

As previously stated, in a floating and proportional controller the lalie- 
movement is proportional to the combined effects of the floatmg and pro- 
portional methods If the control error is positiie, i e the meter reading is 
above the desired value, and is sbll rising, both the floating and proportional 
effects will cause the v alv e to move towards its low position , but if the control 
error is negative, i c the meter reading is below the desired value, but rising, 
the floating and proportional effects arc tn opposition, as the floating method 
will require the valve to travel towards its high position, since the meter is 
registenng below the desired value, but the proportional method will lower 
the valve position as the meter cisea 

In a floating, proportional and first denvative controller the valve movenent 
is proportional to the sum of all three effects — 

. dO 

0 = 00 - A, / « A - e - A, — 

dt 

The damping action is utilized by adjusting A, and A* so that actmg alone 
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they would produce a rapid return, although with subsequent excessive hunting. 
The addition of the term damps this hunting. 

If excessive first derivative component is used the system will approach the 
set temperature too slowly after a load change, if insufficient is applied over- 
shooting tvill result. 

In conclusion it may be stated that though the most advanced method of 
automatic control in industry at the moment is one employing proportional, 
plus floating plus first derivative, all industrial automatic control problems do 
not require this sj'stem. 

A plant that has one major lag (known as first order lag) is easy to control 
by the proportional or floating and proportional methods, and no improvement 
will result if the first-derivative method is added. A plant with two lags in 
series, whilst more difficult to control, can still be dealt, with satisfactorily by 
these methods. 

Plants with three or four lags in series are still more difficult to control and 
can be improved by the addition of the first-derivative function. Some 
temperature control problems arc of such nature. 

The response of the meter reading to a movement of the control valve is 
veiy slow at first and then accelerates before finally steadying out. 

If one of the lags happens to be large in comparison with the remainder, 
its effect will partly swamp the remaining lags, making the control problem 
easier than it would be if all the lags were of similar value. 

Reference 

(l) Broaohurst, Broderick, Foster and Wheeldon, htsl. of EUc. Eng. Convtnlion 
on Aulomalic Regulators anil Servo- mechanisms. May, 1947. 
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CHAPTER 8 


Industrial types of regulators based on the 
expansion of a liquid 


Regllators of the Iiquid-eTpansion class lia\e found eictensive application for 
the heat control of mdustnal furnaces and boilers, and for domestic purposes 
Instruments of this group can be divided into two tvpes — 

(1) Self-operated 

(2) Air-, steam- or water-operated 
The latter are b\ far the most commonij used mdustnalU 

Principle of operation of self-operated controllers 

The scnsitue bulb in the instruments of this first class is connected direct!} 
or b\ capillarv tubing to a pressure-responsive element adapted to operate a 
valve or electrical contacts Adjustment of the control temperature is usuall} 
made b> regulating the pressure of a spring or arrangement of lever and weight 
which opposes the actuating pressure The force available to close a valve is 
small, so that there is a nsk of incomplete “ shut-off,'* which maj result in a 
slow nse of temperature, with consequent damage to the instrument itself 
It IS almost invariabl) occessar) to have a large sensitive bulb when the ' 
pressure-responsive clement is a bellows operating a valve, and this gives nse 
to difficulty in installation, apart from a disadv antageous time lag in heat 
transfer to the sensitive bulb and contents 

The sensitive clement mav contain liquid of the volatile tvpe, or of a 
non-volatile type like mercury, or even a gas-filled element ma} be used 
When the volatile-hquid type is used, the fle^ble tube connecting the bulb to 
the vaUe-actuating bellows should extend down on the inside of the regulator 
bulb so that its end shall alwajs be immersed below the surface of the thertno- 
sensitive liquid, thereby constituting a “ trapped-vapour ” construction 
preventing an} of the vapour formed m the bulb from passing over to the 
bellows, and ensuring that the power shall be transmitted entirelv by liquid 
pressure If this were not so, and any vapour were allowed to pass over into 
the bellows, this vapour would condense in the cooled bellows and no pressure 
could be built up until sufficient liquid had distilled over into the bellows to 
fill them On the reverse operation, it would be necessary for all the liquid m 
the bellows to be redistilled badw into the bulb 


INDUSTRIAL TYPES OF REGULATORS 


In cases where it is inconvenient to place a sensitive bulb in the tank of a 
machine, it may be possible to incorporate the sensitive element in the pipe- 
lines. A suitable pipe, through which the liquid to be controlled circulates, 
is made double-walled for a certain length. The inner tube may be plain or 
corrugated. The space between the two walls is filled with a volatile liquid 
and hermetically sealed, except for a connection by means of a capillar)’ tube 
to the control valve. With this form of instrument the ratio of e.xposcd surface 
to volume of the sensitive medium can be made verv’ great. For pasteurizers 
for milk, cider and fruit-juices, which are heated whilst in circulation, this 
form is particularly convenient. 

f^StwSlTTVt ElCM'NT 




Fig. 35. — Pilot valves for air-operated controller 
(.A) Reverse-acting (B) Direct-acting 

The danger of breakage and the mi.xing of the volatile liquid with the 
contents of the pipe is present, but with careful construction this danger should 
not be greater than with the use of a bulb in the usual way. 

Principle of operation of air-, steam- or water-operated 
controllers 

These make use of a pilot valve, controlled by the expansion of a volatile 
or non-volatile liquid contained in a bulb inserted in the heated space. The 
pilot valve then regulates the pressure of air upon the diaphragm or bellows 
of the main control valve. Where large valves or slides have to be operated, 
the pilot valve controls the direction of air, water or oil flow to a power cylinder 
capable of developing up to about 5,000 ft-lb per stroke. 

The pilot valve takes one of the two forms shown in Fig. 35. In the form 
(.A.), expansion of the sensitive clement, on rise of temperature, causes a flapper 
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to close or partiallj close a nozzle from vhich air is issuing This raises the 
pressure in the pressure element, causing it to expand and close the pilot ralie, 
whereb} the air leak is opened and the au- cut off from the diaphragm ^al^e 
This latter %al\e is so arranged tiiat reduction of pressure causes it to close 
and cut off the heating medium kMien the flapper uncoicrs the nozzle, with 
fall in the controlled temperatutc, the air le^ is closed and air ptessure applied 
to the \aUc In the form (B), moirment of the expansion element controls 
the pilot \alte directlj Rise in temperature causes air pressure to be applied 
to the mam vahe to close it 

There are a number of variations of the foregoing pnnciple The opposite 
effect in either (A) or (B) is obtained bj changing the position of the pilot 
valve so that rising temperature affects the main valve in the reverse manner 
The mam valves used in conjunction with these regulators maj cither be 
direct or reverse acting, and are referred to in the Appendix 



Fig 36 ~Hi« Powers regulator 


SELF-OPERATED TYPES 

One of this type of r^ulator manufactured bj the Powers Regulator 
Company consists (Fig 36) of two compartments, A and C, divided by a 
flexible corrugated bronze diaphragm B One compartment contains the 
volatile bquid, the expansion of which forces the metal diaphragm back and 
A’.’’ £<&’} £<f /.Ve rea'- AtvOTgib a Zube and 

into a bellows D operating the control valve of the heating medium NkTien 
the temperature falls, and the pressure decreases, the gas valve is opened again 
by means of a lever and weight The pressure in the bellows is directly 
proportional to the temperature of the compartments , consequently the position 
of the adjusting weight on the lever will determine the temperature at which 
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the valve toII dose, and the operation being gradual, the passage afforded by 
the valve opening is proportional to the temperature. By changing the 
positions of the adjusting weight, different temperatures over a 20° F or 
10° C range are secured. Such a thermostat for house-heating purposes has 
a sensitive element in the form of a capsule about 12 inches in diameter and 
1| inches in depth, enclosed in an open-pattern cover fixed on the wall of the 
room where atmospheric temperature control is required. The flexible 
connecting tube may be of any length up to 75 feet, or with smaller valves 
100 feet, and is usually of lead armoured with galvanized steel uare. Armoured 
copper tube is employed where conditions such as excessive vibration require 
its use. For the control of draught dampers on a heater, the valve is omitted 
and the bellows are enclosed in a housing with a suitable supporting flange, 
connection being made by means of chains between the end of the lever and 
the heater dampers. 

The Morgan Crucible Companj’ manufacture a thermostat which whilst 
strictly not being a self-operated type, does open and close contacts directly, 
to operate rela}’S. This instrument is based on the principle that, for comfortable 
conditions in a room, the heat loss from an object at a temperature corresponding 
somewhat arbitraril}- to that of a human being should be a constant quantity. 
The instrument consists essentially of a hollow blackened copper sphere about 
5 inches in diameter ; this sphere, an illustration of which is given (Fig. 37), 
is mounted on a cylindrical sump, which is housed inside the base. The sump 
is filled with a volatile liquid and contains a small heating coil as well as a bellows 
diaphragm, the movement of which causes contacts in the circuit of the master 
relay controlling the heating apparatus to be opened or closed. The heating 
coil is loaded continuously at from 4 to 8 watts, so that the liquid is evaporated 
at a constant rate and rises into the sphere, where it condenses on the inner 
surface of the copper and drains back into the sump. The rate at which tliis 
condensation takes place, and therefore the vapour tension inside the sphere, 
obviously depend on the rate of heat flow through the copper walls. If this 
rate of flow is, say, increased, owing to a change in the conditions in the 
room, the temperature of the sphere will drop, the rate of condensation will 
increase, and the vapour tension will fall. The bellows diaphragm, one side 
of which is exposed to the atmosphere, will therefore expand and close the 
relay contacts, so that the relay will operate and the heating apparatus be 
switched on. 

The relay (Fig. 38) consists of a vertical glass tube, from which a horizontal 
arm projects, carrying two contacts. A quantity of mercury, oh which an iron 
rod floats, is sealed into the tube. The lower part of the latter is surrounded 
by a solenoid, one end of which is connected to the mains and the other to 
one of the contacts in the sump. The other contact in the sump is also connected 
to the mains. When these contacts are closed, the solenoid is energized, the 
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iron rod is drawn downwards and the level of the mercury is raised so that 
some of It flows into the horizontal arm completing the circuit between the t lo 
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Bearing thermostats 

It is desirable to have an automatic means of stopping an unattended 
machine before damage is done, in the event of its bearing becoming overheated. 
The sensitive element, usually a bulb containing a volatile liquid, is embedded 
in the bearing itself or placed in the circulating oil if this is possible. .A.ttain- 
ment of a dangerous temperature causes a switch to be tripped. The liquid 



Fig. 40. — Car thermostat : bellows type 


is generally contained in a brass tube and moves a piston which throws off 
a quick make-and-break switch. The switch is held in the off position until 
re-set by hand, and is normally’ capable of carrying power from the mains. 
Adjustment is usually provided for the switch to open at from 60° C to 00° C. 

Liquid-expansion thermostat for motor-car engines 

Motor-car engines usually’ have their carburettors set so as to give their 
maximum power with the highest economy’ wiien the water-jacket temperature 
is about 180° F, and there is a lack of efficiency until this temperature is attained. 

Oil 
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It IS desirable therefore to pre\ent the cooling of the circulating water by 
passage through the radiator until this temperature has been reached 
Alternatively the thermostat may operate radiator shutters The temperature 
should be maintained regardless of neatfaer, load or road conditions 

A common form of thermostat for this purpose consists of metal bellows 
containing a volatile liquid The bellows are made so as to be fully extended 
before the liquid is put m but when filled and sealed up are in a state of 
compression due to the internal pressure being below that of the atmosphere 
The bellows are inserted in the coolmg water at a point between the top of the 
cj linders and the radiator and when the pre determined temperature is reached 
the liquid vaporizes and expands the bellows To the bellows is connected 
a valve controlling the rate of flow of the water into the radiator The flow 
of water from the cylinders to the radiator cannot commence until the water 
around the cylinders has attained a temperature of at least 140° F when the 
expansion of the bellows opens the valve slighll) As the expansion increases 
with the rise in temperature the valve continues to open propomonatelj until 
a temperature of about 170° F is reached when all the cooUng water is la full 
circulation Should the bellows be punctured accidentallv they would fully 
expand giving an unrestneted water flow 

This thermostat may be used m one of two wap either to obstruct the 
flow of hot water from the cylinders to the radiator or to b) pass the water 
from the cjlinder block back to the bottom of the radiator or pump The 
first alternative is shown m Fig 40 Guiding vanes for the valves are generally 
used to prevent them sticking and a small hole of about ^ inch diameter is 
drilled in each valve to prevent the formation of air locks The valve diameter 
IS so chosen that when the valve is fully open the flow area uncovered is equal 
to that of the main water pipe In cases where this diameter cannot con 
veniently be made large enough two valves in parallel are used as illustrated 
in Fig 40 

Other types of control such as those «nbodjing a bimetallic stnp are 
employed for the same purpose and these are described m another 
chapter 

AIR-OPERATED TYPES 
Capsule operated control 

The Tycos temperature regulator which is of the air operated type is 
illustrated in Fig 41 and details of the air valve are shown in Fig 42 The 
sensitive bulb is connected by means of flexible capillary tubing with a small 
metal capsular chamber 8 (Fig 41) within the case of the instrument WTien 
the capsule expands sufficiently the valve stem is raised so as to allo v a free 
passage to the compressed atr through the regulator to a diaphragm valve 
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This air inflates the diaphragm of the valve, causing the valve to shut off just 
enough heating medium to maintain the temperature at the desired point. 
An air-leak 5 allows the air to be exhausted from the diaphragm when the 
temperature falls. Adjustment for temperature is made by the rotation of an 



(1) Rocker-arra and bracket for cam (7). 

(2) Cam-adjustmg key-post. 

(3) \ir-valve block. 

(4) \ir- valve cap 

(o) \d)ustable aix-leak 

(6) Rocker-arm stud -which engages air- 

\ alve plunger 

(7) Temperature-adjusting cam. 

(8) Capsular chamber. 

(9) Front case clamp plate. 

(10) Front case lock-nut. 


(11) Air inlet (union butt). 

(12) Capsular chamber lock-nut. 

(13) Bronze-armoured connecting tubing. 

(14) Ferrule 

(15) S\vi\el nut. 

(16) Bulb. 

(17) Umon connection hub 

(18) Ferrule set-screw 

(19) Front case clamp plate. 

(20) Air connection to diaphragm valve. 

(21) Front case lock-nut. 


eccentric cam 7 in the form of a disc, which is interposed between the capsule 
and the valve stem. 

Reverse-acting regulators are of a similar design to the foregoing, except 
that the air valve closes when the temperature rises above, and opens when 
it falls below, the desired value. 
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For the control of two heating media— or one heating and one cooling 
medium — to maintain a constant temperature, one bulb is used which is 
divided into two compartments, each compartment being connected to its 
individual capsular chamber m the uiatrument case Each capsule controls 
two separate valves One capsular chamber is direct acting, and regulates the 
valve tn the steam line, while the other is reverse-acting to regulate the water- 
line valve A single adjustment device controls both sides, after each side has 
been set separately 

The primary reason for manufactunng a ointrol for use with two heating 
media — exhaust steam and live steam — is because the supply of exhaust steam 



(1} Capsular chamber in normal position 
and air valve closed 

(2) Capsular chamber in inflated position 
and air valve open 
(A) Lower valve plunger 

(E) Air valve block 

(F) Valve spring 

(G) Air valve cap 

(H) Upper valve stem 


(N) Capsular chamber 

(O) Adjusting cam 

(P) Adjusting key post 

(Q) Rocker arm and bracket 

(X) Air leak screw 

(Y) lock nut 

(Z) Capsular chamber fitting 
(ZA) Air leak 


IS liable to fail With this device as soon as the temperature falls below a 
certain limit, due to failure of the exhaust steam supply, and it becomes 
necessary to resort to live steam, the regulator closes the diaphragm valve in 
the exhaust steam discharge line and opens the diaphragm valve in the live 
steam line 

Air pressure of 25 lb per square inch is employed with the foregoing types 
of instruments, but pressures as high as 40 lb can be used 


Jet type of control 

An example of the jet and flapper type of control is shown m Fig 43 
Ranges of temperature can be selected from (i) a vapour pressure tjpe of 
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sensith e element co\ ering —SO" to 500= F ; (ii) a gas filled t} pe for —60° to 
1,000" F, and fiii) a hquid filled tj'pe for — 60= to 212= F, or equivalent Centigrade 
values. 

Satsztivily. — ^The sensitivity of the instrument is adjustable by moving the 
support of the spring-strip flapper avvay from the nozzle to increase the 



Fig. 43. — Bristol's Jet and flapper type of control instmment 

sens’tivTtv or towards the nozzle to decrease sensitivitv". The throtthng range 
is thus adjustable to suit the process. 

Direct and reverse action . — By changing the position of the flapper and jet 
assemblv to the other side of the actuating lev er attached to the Bourdon tube 
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U IS possible to change from direct to reverse acting This can be done simply 
with the aid of a screw driver 

Moving vane type 

An example of the moving \anc type is the Bristol Free tone Air operated 
Controller, illustrated in Fig 4i The actuating element 9 through connection 



II rotates the shaft 10 to which the recording pen arm (not shown) is attached 
A thin vane 12 is also attached to this shaft, and as the shaft rotates in response 
to changes in temperature, this vane pa»e$ between two nozzles 13 and 14, 
which are discharging opposing jets of air, and in so doing throttles the discharge 
of air It IS by means of this throtthng that control is effected 
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Air at 15-lb pressure is admitted at 16. Its pressure is shown on the gauge 7, 
and a branch leading off to the left supplies air to the orifice 6 and pilot valve 2. 
The object of the orifice is to restrict the flow so that only a limited amount of 
air can pass through to the diaphragm 4 and the nozzles 13 and 14. These 
nozzles are so proportioned in relation to the orifice 6 that when their discharge 
is not throttled they permit enough air to escape so that only a slight pressure 
is produced in the diaphragm 4. As the edge of the vane cuts into the 
discharging jets of air, as already stated, the discharge from the nozzles is 
throttled, the amount of throttling depending upon the position of the vane. 
When the vane cuts entirely through the jets of air the throttling is at a 
maximum, and a much higher pressure is built up in the diaphragm 4. The 
function of the diaphragm is to operate the pilot valve 2. Full air-supply 
pressure is always maintained over the top of the pilot valve, and when the 
diaphragm opens this valve, air is allowed to flow to the diaphragm motor 
valve 8, the gauge 1 showing the amount of this pressure. A small amount 
of air is permitted to leak out through the adjustable bleeder 3. IITen the 
pilot valve passes more air than the bleeder can discharge, the pressure increases 
at the diaphragm motor valve. When the pilot valve passes the same amount 
of air as the bleeder discharges, the air pressure remains constant on the main 
diaphragm valve. Since the opening of the diaphragm valve depends upon the 
air pressure to which this valve is subjected, it follows that this opening is 
determined by the movement of the vane 12. 

The two opposing nozzles 13 and 14 are separated by a distance which is 
approximately one-fourth the diameter of the jets. This arrangement consen’es 
air, as the two jets discharge no more air than does a single jet. It also serves 
to balance the vane. The vane, being thin and flexible, assumes a position 
midway between the two nozzles and substantially reduces the discharge of 
air without coming in actual contact with either nozzle, literally being “ floated ” 
by the two jets of air. In this way friction on the vane is minimized. 

The vane can readily be rotated about the shaft and locked in any position 
desired. This adjustment is utilized to convert a direct-acting valve into a 
reverse-acting valve, or vice-versa. 

The free vane controller is a proportional controller with a fixed throttling 
range, normally of approximately 2 per cent of the scale. 

Shaped vane type of Proportional Controller . — In order to obtain greater 
amplification than is possible with the simple vane type a shaped vane may 
be employed. An example of this form is illustrated by the Ampliset Free 
^'ane Controller shown in Fig. 45. 

In principle the throttling range of the controller is changed by rotating 
the jet arm L about its axis in such a manner that a different portion of the 
curved edge of the vane C passes between the jets L to obtain control. With 
the jets L set to operate on the outer edge of the vane C the vane has its greatest 


75 



THERMOSTATS 


linear motion per unit deflection oi the measuring sj'slem ^^lth the jets set 
at the outer edge of the t'ane C, as shonn ui Fig 45, the controller has a narrow 
throttling range or high scnsitnrty, because a relatively small deflection of the 
measuntig system causes the vane to move a considerable distance across the 
face of the jet openings, and thus a relatnelj small change in the conditions 



Pig 45 — Shaped \aae conlro 
Bristol s Ampliset controller 


under control will cause a maximum change m the setting of the control 
\al\e Z) 

W hen the jets L are rotated away from the outer edge of the vane to a point 
nearer its centre the extent of the luiear motion of the vane across the nozzles 
IS less for the same deflection of the element ith the jets m this new 
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position the controller has a \vider throttling range and a lower sensitivity, 
because a great change in the medium under control is required to produce 
a given linear motion of the vane between the jets than is produced with the 
jets in a position farther from the centre of the vane C. 

By manual adjustment of the jets on the arc of the vane C, the sensitudty 
of the controller may be changed on the job to take care of time lag. By the 
same adjustment the instrument may be changed from direct to reverse acting 
and vice-versa. 

This t}-pe of controller is suitable for processes where the time lag is not 
great and the load or demand for fluid through the control valve changes only 
a moderate amount in maintaining constant results. 

The Kent Proportional Controller has some interesting features. Fig. 46 
illustrates diagrammatically the action of this controller. As pressure, flow 
and liquid controllers have a similar mechanism to the temperature-controller, 
the mercuin'-chamber float represents diagrammatically the sensitive element 
of the temperature-control. 

Air pressure is supplied to the delivery jet B and is controlled b}- the 
pilot-valve vane A whose movements vary the pressure received by the jet B 
in the line P. This pressure is then transmitted to the diaphragm chamber, 
thus compressing the springs of the valve, which alters the flow of heating 
medium. 

The value at which the controller is to maintain the controlled quantity 
is indicated by the pointer C, which moves over the diagram or chart con- 
centrically with the pen D. A manual setting dial E is provided for setting the 
pointer. 

Pivoted to the combined pointer and crank C-G is the differential link H. 
This link is slotted at the lower end so as to ride on the pin J which is fixed 
in F. Thus the centre-line lies across the pivoting centre of F and G, when 
the set value and the actual controlled value coincide. The connecting link K 
is attached to the differential link H by a shouldered pivot screw, so that for 
any deriation of C or D a movement is transmitted to the driving pin Z, which 
in turn moves the ratio arm Q, and the vane A. 

The amount of movement transmitted to the vane A is proportional to 
the deriation of C and D from one another, and the setting of ratio arm O. 
The latter is called the “ sensitivitj- adjustment ” and is accomplished by the 
setting dial S, which alters the position of the fulcrum and ratio arm O relative 
to the position of the pins Z and T. 

A vane coincidence arrangement with setting dial L is also shown, and 
this, through an eccentric bush, alters the position of the vane relative to the 
nozzles in a horizontal direction, thus effecting a simple adjustment to bring 
the pen coincident with the setting pointer. 
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Stabilization of air-operated controllers 

In order to eliminate “hunting” or “cjcling,” it is necessary to adjust 
the throttling range of the controlling instrument, or in other words its sensi- 
tiMtj, by way of compensation Stabilization bj varying the throttling range 
is insufficient in some cases, and an additional S}^tem of stabilization is needed 
This usually takes the form of damping the mitial mmement 

A common method is to employ two air capsules in opposition, interposed 
between the pilot \alve and the diaphragm of the control \alve These capsules 
are connected by a link to the onfice of the controlled air leaks, so that the orifice 
IS moved in the required direction to counteract the first mo\ement set up 
by the change in heat demand The control is therefore stabilized by causing 
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it to Strike a balance beUteen the tuo opposing tendencies and to determine 
a control- valve position which will suppl\’ the amount of correction required 
to maintain the temperature constant. As the action of this stabilizing element 
IS alwats in proportion to the speed and magnitude of the change in heat demand, 
because it is governed by the initial velocity of the air flow through the relay 
s\stem \ia the air-leak, good control is secured. There is little swing from the 
control point. 

U'fth one type of instrument, the air flow to one capsu/e is free and to the 
other restricted by the inclusion of a long length of fine-bore resistance tubing. 
In another, the air flow to the second capsule is controlled b} an adjustable 
necdle-talve. Other constructions arc used, but the underhing principle is 
the same, and is that of controlling the back pressure on the pilot ^aKc so that 
any new pressure applied to the fuel control-vaI\ c is gradually changed at a 
rate w hich is a direct function of the rate of change of tlic process temperature. 



I/lrrf-o Mrrrt, Hi 

Fig. 47. — Diagram showing one tyTic of stabilizing system employed in air-operated 
tcmperatarc-controllcrs 

bringing the temperature back on a curve which is tangential to the control- 
point, instead of cutting across it. (Sec Cliap. 7.) 

The system of stabilization described is illustrated by the diagram (Fig. !7). 
.\s the control-point is reached, the valve .d commences to restrict the flow 
of air from the onfice B. Pressure is built up behind the onfice, causing 
inflation of the capsulees C and D. C tends to open the pilot valve G, but D 
causes the orifice to move away from the valve d, thus permitting air to escape 
anil release the pressure behind the onfice B. Mcanw hile the trend of conditions 
need^ correction, and the valve -d continues to move towards the onfice B 
and repeats the .above. .•\t the same time, air is passing through the restriction 
£ and inflating the capsule F" at a slower rate than capsule B. Lvcntually /•' 
and D balance each other and the onfice is brought to its original position. 
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the pilot \ahe G is opened, and the control %alve adjusted The action of the 
capsule F is to stabdize or damp the operabon of the controller 

Proportional plus floating controllers are frequently referred to by manu- 
facturers as proportional controllers wth automatic re set but the term re set 



Fig 48 — Layout of Kent proportional and re set controller 

in this connection tends to cause confusion m terminology Ne\ertheless 
the term is used in this book to distinguish the manufacturers instrument 
Fig 48 shows the controls of one form of Kent proportional plus floating 
controller The connecting link mo^es both ratio arms and Q which are 
inter connected by an adjustable link Each sane has a sensitivity adjustment 
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The diaphragm valve is equipped with two diaphragms, and operating 
mushrooms which are mechanically tied together, but the pressure chamber 
of each is quite separate, one being filled and exhausted by pilot-valve through 
the needle-valve FV and knowm as the re-setting control, and the other b)’’ the 
pilot-valve yl, the proportional control. The mushroom W, depressed bv the 
pressure from the re-setting pilot-valve (into the chamber T), pushes down its 
spindle through the gland U and thus the mushroom il/ and spindle iV w’hich are 
directly connected to the valve. (The gland U prevents the pressure leaking 
upwards into chamber X, as the latter is in connection with the atmosphere.) 

It will be appreciated that either of the mushrooms ilf or JV can move 
the valve over its entire range. Normally, if proportional control only were 
used, pilot-valve A would send its pressure-variations tia pipe P, to the space 
i? above mushroom jl/, thus exerting an effort on this mushroom alone. 

^ITien re-setting control is used, the needle-valve FV is opened slightly, 
which allows pressure-variations from the high-sensitivitj’ pilot valve to 
be communicated to the mushroom IF via the space T. 

As the two pilot-valves A and A^ are tied together mechanicaUj' by means 
of the adjustable connecting link, it will be realised that for a small deviation 
a large potential pressure-change is caused by pilot-valve vane A^ and a small 
one by pilot-valve vane A. Whereas A is in direct communication with mush- 
room M via space R, and moves it immediately, the larger effect of vane A^ 
is delayed by the throttling of the needle-valve FV. If the needle-valve in 
line O 2 were closed completely, the controller would operate as a proportional 
controller, and thus the sensitivitj’ of the pilot valve A would be determined 
by plant conditions. (It would be increased in sensitivity until the plant just 
failed to “ himt.”) In some bad locations it will be appreciated that this would 
mean an undesirably large throttling zone. 


Bristol proportional-plus floating control 

The basic principle of operation of the so-called re-set free vane (Fig. 49) 
is that the movement of the free vane is governed, not only by the measuring 
clement 2, but also by the diaphragm spring 11 connected through the differential 
mechanism 8. 

On a clockwise movement of the element 2, the free vane is rotated into the 
back pressure of the jet system, expanding the capsule 5, which moves the pilot 
valve 4 to the closed position, decreasing the controlled air pressure on the 
diaphragm of valve 6. This decrease in pressure is transmitted through 
connection 3 to the bellows unit 13. This permits an internal spring to distend 
the bellows causing a partial vacuum in the diaphragm spring 11 which is 
compressed. This mov^ement is transmitted through arm 10 and shaft 9 to 
the differential mechanism 8, resulting in a movement to the free vane of 
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opposite sense to that applied by element 2 this movement being subsequently 
vvithdrawn by dissipation through re set valte 12 



Fjg 49 — Re set free vane confroltet 
D agram of Bristol s nstroment 


From this it will be seen 
that the measuring element 2 
must move a greater distance 
from the control point to 
produce a given effect on the 
control valve 6 than would 
be necessary without the dia 
pbragm spring assembly 

In operation the procedure 
is continuous and follows 
changes in the value under 
control The throttling range 
being normally very narrow 
but temporanly widened m 
proportion to the rate of 
change and subsequently 
restored to its narrow value 
Corresponding action la pro 
duced by the measunng 
element moving in a counter 
clockwise direction 

Kent Contioller 
Mark 20 

A Kent controller Mark 20 
mechamsm is available m a 
variety of forms which enable 
the controller to perform the 
following various functions 
proportional control onij 
floating plus proportional 
proportional plus first 
denvative or floating plus 
proportional plus first den 
vative 

The controller (Figs 50-52) 
incorporates a differential 


mechanism m the form of two U shaped mendiers shown m the diagrammatic 
sketch Fig 50 at A and B Member A is pivoted to the framework of the 
mechanism mid way along its length and its right hand extremity is connected 


Nozzle Adjusting Screw 'X ' 
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through suitable Iinkw-ork to the setting pointer of the measunng instrument 
Member fl is piloted to member A at their left hand extremities and is 
connected to the measunng instruments pointer through suitable Iinkiiork 
iihich is attached to the right hand extremity of member B Member B is 
also proiided with two piiot holes mid way along its length arranged so that 
when measunng pointer and setting pointer are coincident these pivot holes 
are exactly opposite the puot point of member A irrespective of the position 
of the measunng and set pointers positions on their scale If the two pointers 



Fig 51 Kent Mark 20 controller 

separate howeicr the piiot holes m the centre member B rise or fall an 
amount proportional to the separation of the pointers The setting pointer 
can be set to any desired value on the scale with the control setting knob In 
some applications however the setting hnob may be incorporated in t'ne 
controller mechanism and directly geared to member A in which case the 
setting pointer is driven through the inter connecting linkwork 

The central pnot holes m member B carry the left hand extremity of an 
inverted tee shaped frame C (Figs 50 and 51) which is m effect a floating 
differential link The right hand end of this frame is connected through a link 
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to one arm of a bell crank J, whose position is dependent upon the difference 
in pressure existing either side of a bellows H contained in a chamber forming 
the lower body portion of the frame work. The upper portion of the tee-shaped 
frame carries a pivot on which a lever E (Fig. 50) is attached, the low’er end of 
which describes an arc which passes through the central pivot points of member 
B and the pivot of the interconnecting link to the bell crank J at the opposite 
end of the tee frame. Link F (Fig. 50) is attached to the lower end of the lever 
E, and conveys movement to the nozzle lever assembly mounted above. The 
angular position of the lever E is adjustable by the throttling range adjuster G, 
which enables its lower pivot point to be set in any position varying from (1) in 
line with pivot point of member B to (2) a point almost coincident with the 
bellows link attachment. 

It will be seen that if the differential members A and B are displaced so as 
to cause the left-hand end of the inverted tee-shaped frame to fall, it will initially 
cause the nozzle link to rotate the nozzle lever about its fulcrum in an anti- 
clockwise direction, allowing air to escape from the nozzle, with a resulting 
reduction in air pressure behind the nozzle. The nozzle air pressure acts on 
the primarj' side of the rela\’, the secondary side of which transmits a similar 
pressure to the proportional side of the bellows and to the control valve. This 
allows the bellows to expand and causes the bell crank J passing through the 
diaphragm D to rotate about its centre fulcrum K in an anti-clockwise direction. 
The right-hand extremity of the inverted tee-shaped frame C is raised until' 
the flapper is again brought into engagement with the nozzle, but a low'er 
air pressure now exists in the proportional chamber and the control 
valve. 

The amount the air pressure changes for a given displacement of the differ- 
ential members and B depends upon the position in which the lower pivot 
point of the nozzle link F is located along the base of the tee frame. For instance, 
if it were in the middle, i,e., link vertical as shown in Fig. 50, the amount of 
movement resulting at the right-hand extremity would be equal to the dis- 
placement at the centre of the U members A and B. 

The floating control function is obtained by allowing the air in the proportion- 
al side of the bellows chamber to leak through a suitable adjustable needle valve 
resistance to the other side of the bellow'S, and so permit the control pressure 
to continue to rise or fall if the U members are separate, i.e., if the instrument is 
off its control point. The rate at which the control pressure varies for a given 
displacement of the U frame depends upon the value of the floating throttling 
resistance, and is proportional to the control error or separation of the two 
pointers. 

WTien derivative function is required, an additional throttling resistance 
is included in the connection between the relay and the proportional chamber, 
so that the “ follow' up ” effect of the bellows is delayed, and the pressure at 
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the relaj secondary and control \al\e t«D be greater than that eyisUng m the 
proportional chambers while the error or deviation from the control point 



IS changing, due to the pressure drop across the aforementioned resistance . 
this value is dependent upon the rale at which the control error is changing 
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The relay amt is shown in Figs. 52—53. In order to keep air consumption 
to a minimum, and so as not to restrain the measuring instrument to which the 




controller is connected, the control nozzle has a very small bore, and deals with 
extremely small quantities of air, which would take too long to change the position 
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in the control valve, or other means of regulaUon if a relay were not employed 
The relay is combined with the reducing \alve, nozzle throttling resistance 
and aulo/manual selector ^’alve TTie relay consists of two diaphragms, 
mechanically connected at their centre The pressure from the norak is 
connected to the primary diaphra^ chamber, so that there is a force proportion- 
al to this air pressure acting on the second diaphragm through the attachment 
between the two diaphragms The second diaphragm has a small hole in its 
centre which is normally entered by a needle valve, but which, when open, 
permits air to escape from the secondary dtajdwagm chamber to atmosphere 
through the space between the two diaphragms The needle valve carnes a 
second cone which locates in a seat arranged in the air supply connection to the 
secondary diaphragm chamber, so that when air pressure increases in the 
primaf} diaphragm chamber, the resulting force will move the diaphragm 
centre assembly in a direction which will cause the exhaust end of the needle 
valie to close the exhaust hole, and raise the inlet end cone off the scat, 
permitting air to pass into the secondary chamber, and increase the pressure 
until the centre of the diaphragm assembly takes up its null position again 
tnth both inlet and exhaust valves closed 

Under these conditions, equal or nearly equal pressures will exist in both 
diaphragm chambers The pressure existing in the secondary side of the relay 
IS led to the central valve and the proportional side of the bellows chamber 
in the control mechanism, or m the case of the derivative controllers to the 
derivative resistance throttle valve 

Reference to Fig should make the operation of the relay clear It is 
shown separate from the pressure regulator for the sake of clarity 

The preuure regulator is diagrammatically indicated m Fig 52 and is 
arranged to reduce the supply air to a standard pressure of 17 Ib /in * when 
operating on automatic control or to any pressure between 2 and 12 lb /in * when 
operating on manual control 

The nozzle renitame is in the form of a short length of capillary tube carried 
in a suitable mounting Its purpose is to restrict the flow of air to the control 
nozzle The mountmg is made readdy accessible so that it can be removed 
and if necessary, a new capillary fitted if tt should at any lime become choked 
The autolmanml selector valve is an on off valve m the connection between 
the nozzle throttling resistance and the nozzle It renders the controller in- 
operative dunng manual control when the position of the control valve is 
regulated by the manipulation of the pressure regulator hand wheel 

The main air mlct » connected to die relay unit at the lower union projecting 
from the right hand side of the body The connection to the control valve 
is made at the upper union projecting from the nght hand side of the body 
The throttle range adjuster is a pointer G which indicates on a scale mounted 
on the controller mechamsm It is scaled m percentage of meter pen travel 
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necessary to cause the control air pressure to change through its full range 
of from 2 to 12 lb./in.“. Reducing the scale reading increases the proportional 
sensitivity. 

The floating and derivative throttle resistance valves are provided with 
micrometer adjusting means. Opening the floating needle valve increases the 
floating sensitivity, i.e. increases the rate of re-set. Opening the derivative 
valve decreases the amount of derivative effect. Both valve micrometers are 
scaled in needle travel. 



Showing " two-nse " and " two-hold ” cam 

Time-temperature control with air-operated controllers 

It is sometimes desirable to have automatic means of heating or cooling 
according to a specified time-schedule. This can be readily done with air- 
operated controllers by suitable continuous adjustment of the pilot valve. 

The time-temperature operating device fitted on the Tycos instruments 
consists of a large cam, A (Fig. 54), driven by clockwork at a definite speed. 
A definite contour which has been cut on this cam to suit the requirements 
of the operation is followed by an arm E, which in turn raises or lowers the 
whole of the valve seating. The valve itself is kept in contact with the capsule 
by means of a spring. Movement of the seating away from the valve con- 
sequently allows more air to pass to the diaphragm valve to open it, and thus- 
allow more heating medium to pass. 

A “blow-off” device is incorporated, which consists of an auxiliary air- 
valve mounted on the instrument directly below the operating cams. At the 
expiration of the predetermined period, this valve functions, terminating the 
process. A stop connected to the blow-off line automatically stops the clock 
and enables the operator to know' the exact time at which the operation terminated. 
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If connected to the main air supply, the dock will stop should the air supply 
fail, and the time can be noted by the operator The clock can be started 
or stopped by hand 

A ‘ spbt cam ” can be furnished, which can be used m a process requiring 
the admission of water for cooling at the end of ths heating period , the cam 
allows the water vahe to remain open until the end of the time penod, when 
this lalve will shut off automatically 



Fig 55 — Tycos adjustable htt canu 
(A) Section of camcoseringio tial temperature 
penod (temperature is 100° P m this 
case) 

(6) Indicates setting pomt of cam (30 ininutes 
iR this case) Temperature begins to 
rise at this point 

(C) Adjustable nse sector regulating time of 

temperature n$e ( 112 * F in this case 
difference bet-ueen 100* F and 2>2* F ) 

(D) Blow off arm or timing device resisting 

time of bolding period (set for iTiour in 
this case) 

(E) Section of cam covering holding period 

(212“ F in this case) 


Adjustable “lift-cams ” (Fig 55) are used for rontrolling the temperature 
and time of any operation requinng a \anable rate of nse or fall between two 
temperatures A superimposed cam on the main cam can be swung in and 
out so as to overlap the mam cam if necessary, and deflect the tracing lever 
as required 

In the Drayton regulator of the air-operated type, the volatile liquid operates 
a Bourdon spiral tube The pilot valve is operated by ® system of links from 
this tube Continuous temperature records are made oh a flat paper covered 
disc The time-temperature device in this regulator takes the form of a celluloid 
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disc of the required contour, superimposed on the temperature-record disc. 
The contour is followed by a pointer connected to the pilot valve by links. 
Since the temperature-indicating pointer and the control pointer have parallel 
motions, it is a fairly simple matter to cut out a celluloid disc of the required 
contour. 

Unsystematic response in air-operated controllers 

Systematic behaviour of the control system in a pneumatic controller requires 
a constant supply of clean air. Oil or water in the supply air may cause sluggish 
response of an open-and-shut instrument, or erratic or changed response 
of a throttling instrument, even if operation does not cease entirely. Each 
instrument should be provided with its own individual air-filter unit. In 
addition, however, it nail often be necessar}' to provide large separator tanks 
on the air-supply headers. In extreme cases, float-actuated drain-valves may 
be needed to avoid flooding of the system. Compressor after-coolers are always 
a help. A proportional instrument usually requires not onlj' clean air but air 
at constant pressure, so that the instrument need not continually correct for 
erroneous valve-motions resulting from fluctuations of the air supply. However, 
■this requirement is easily met by providing each controller with its own individual 
air-pressure reducing valve. This is a desirable feature, both to promote 
reliability through freedom from group failure of several instruments on a 
common valve, and to reduce installation costs by bringing high-pressure 
supply air in small-bore copper tubing instead of low-pressure air in large- 
bore pipe. 
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Tlieniiostals using boiling liquids 


A coNV’EMENT laboratory method of maintaining the temperature of an object 
constant at temperatures m the range from 0® C to about 400” C is to immerse 
It in the vapour of a boiling liquid, or to suspend it in a double walled vessel, 
between the walls of which the vapour urculates Yet another method is 
to suspend a tube, or number of tubes, from the cover of the vessel containing 
the boiling Uqmd, and place the objects to be mamtained at a constant temper- 
ature in these tubes Steam or sulphur vapour* * are often employed for this 
purpose, giving temperatures of 100” and 444 6” C respectively under normal 
barometric pressure Other liquids and matenals which are solid at room 
temperature but melt at convenient temperatures for the particular purpose 
may, of course, be used Most of the bach liquids mentioned in Chapter 3 
may be used in this connection, and the restnctions mentioned there will apply 
here also 

The method provides a simple means of maintaining a constant uniform 
tempeiature in a comparatively large volume 

Care must be taken if closed ended tubes are suspended m the vapour 
to provide the uniform temperature space, that the distance between the lower 
ends of these tubes and the surface of the boiling liquid is sufficiently great 
to prevent splashing of the liquid on them , otherwise their temperature will 
be affected It is also benefiaal to provide the tubes with radiation shields 
in order to prevent loss of heat by radiation from them to the cooler walls of 
the container These shields may lake the form of metallic tubes concentnc 
with, and larger than the main tubes, and drawn in at the top end to fit the 
mam tubes 

To avoid superheating the vapour when external heating is applied the 
heat should not be applied too close to the surface of the liquid , and also 
for a similar reason, a poor conductor should be used for the raateiial of the 
container Such materials as silica, pyrecr, or other hard glass are suitable 
Great care has to be taken to avoid fracture on reheating the solidified contents 
of such containers By the use of an electric heating coil completely immersed 
in the solid, this trouble can be avoided The leads can be sealed in the wails 
of the container, preferably below the level of the solid, to obviate the possibility 
of superheating the vapour The conduner can, with this method of heating, 
be adequately lagged Loss of vapour is minimized by using a condenser, 
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tthi.h, for ino^T nevti only consist of a long opcn-cndinl tube in the top 

of the \cS5e!. 

On the otb.cr Ii-anil, con^t.incj of temperature for long period^ of time cannot 
be m.unt.uneti satitfactoriK unless precavitions arc tai.en to obedate the elTcct 
of \anntinn'; of atmospheric preevure, for the boiling-ptunt of a liquid mav 
ih.’ngc In sevcr.il degrcr> due to this cause For accurate nork, such eariations 
tan be climin-alcd by sc-jling tlic bath in an air-liglif imtincr, and compensating 
for ihangfs from attr.rrsphcric prevtirc b> the addition <ir removal of small 
t-jurntsti'-s of air a.s retjuirtd. This arrangement gists a high degree of constancy, 
and no apprcci.ahlc desi.itions can be defetted svitb a rensitivc thermometer. 

I'stng commercial petroleum, or a similar liquid containing a number 
of constituent', of ditTcrent bniling-point.s, it is possible to arrange that anv 
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Fig. 5G. Arrangement for lioillng-liquld lhcrmost.at 


ttmpc.'.ature nitbin a limited range can be m.iint.sined. ^^■lth petroleum the 
r.!nge h .about 40' C to T.'i' C. 

In Willing a micture of liquids, the concentration of the \apour is different 
from tlut of the liquid, and if the \apour is alloiied to escape, the boiling-point 
"ill rise tontinuousK to a tenain limit. \d'hen the required boiling-point 
IS reached, the si stem may he Kcalcd to m.untain the concentration at a constant 
laliie. 

One form of apparatus for this purpose is illustrated in Fig. '>f>. It consists 
of a dnublc-M ailed vessel, the space between the two nails containing the liquid 
.snd its lapour. The object to be kept at a constant temperature is contained 
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in the inner vessel, the upper end of which is nell insulated to prevent the effects 
of external temperature-differences For greater simplicity, this double-walled 
vessel may be replaced by a vessel in which the object is directly suspended 
in the V apour, providing that the object is not attacked by the vapour and also 
that Its frequent removal and replacement is not necessary In either case 
the liquid is boiled and the vapour passes into the condenser, whence the liquid 
formed flows away through the' tap and is collected m a convenient vessel 
When the desired temperature is attained, as indicated by a thermometer 
immersed in the vapour, the tap ts closed and the condensate thereafter returned 
to the vessel, thus keeping the concentration constant, and giving a liquid 
with a constant boiling point The condenser may be stopped if desired 

The same result, but with greater difficulty m securing a selection of 
temperatures when using the same liquid, may be attained by increasing the 
pressure on the liquid and so raising the boiling-point 

References 
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CHAPTER 10 


Thermostats using the expansion of solids 


The expansion of solid materials with rise in temperature may, broadly speaking, 
be used in two ways to control temperatures." Use may be made of the property 
either in the simple form of direct expansion, where the material has relatively 
free movement to make and break the electrical control circuit, or it may be 
employed in a differential manner in the form of bimetallic strips. This latter 
arrangement -nill be described in a later chapter. 

Thermostats depending on the e.xpansion of solid materials are very reliable, 
providing the e.xpansion material is suitably selected and treated. The fact 
that linear expansion is usually a straight-line function of temperature is also 
an advantage, since the accuracy of regulation is not diminished at higK temper- 
atures. As the amount of expansion of the material is small, the control 
mechanism has to be sufficiently delicate to respond to small movements. 
This may be arranged by the use of a system of levers to magnify the movements, 
or the expanding material may operate a pilot valve controlling a compressed- 
air or steam supply. In some instances a combination of both methods is 
utilized. 

One simple form of thermostat of this tj'pe consists of a hollow metal block 
in which a hole is drilled to take a porcelain rod. The movement of the porcelain 
rod in or out of the block wth change of temperature causes electrical contacts 
to be made or broken through the agency of levers. The metal block may be 
made of aluminium for temperatures up to 500° C ; aluminium bronze for 
temperatures up to 700° C ; and 18-8 chromium-nickel steel for temperatures 
up to 1000'’ C. The block may be cylindrical with a one-inch wall between 
the constant-temperature zone and the heating element. The diameter of 
the block should be roughly the diameter of the constant-temperature zone 
plus 2 inches ; the length should be the length of the constant-temperature 
zone plus 12 inches. Bushings may be used inside the block to reduce the 
heating space. 

The more usual form of instrument consists of a tube of metal of relatively 
high expansion, such as brass, in which is contained a rod with a negligible 
or very small coefficient of expansion. This rod transmits the movements 
of the tube to a switch or valve arrangement. This arrangement results in a 
rapid response of the sensitive element to fluctuations in temperature, which 
would not be the case if, alternatively, the sensitive element were contained 
in a non-expanding tube, as is sometimes found. 
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Simple form of solid-expansion thermostat 

In Fig 57, ^ IS a brass tube immersed in the liquid under temperature- 
control One end of a nickel steel rod B is held by a spring 5-against the end 
of the tube, while the other end fisfree to press upon or recede from the corucal 
talve seating F, thus controlling the passage of water or compressed air from 
the pipe H to D (connected to the diaphragm chamber of the mam control- 
valve) With rise in temperature, the rod is withdrawn from the ^alve F by 
the expansion of the tube A, allowing more water or air to pass through to the 
diaphragm, thus increasing the pressure and causing the main vahe to 
close 

The Chevenard^ dilatometer can be modified to act as a thermostat The 
expansion in the heating furnace or space of a bar of nickel-chromium alloy 
IS magnified by a series of levers, which move a pair of prongs into one or both 
of two mercury cups One prong enters the mercury slightly before the other 



and energizes a relay which puls a certain amount of resistance into the furnace 
circuit If the temperature continues to nse the second prong enters the 
mercury m the other cup, and through another relay more resistance is put 
into the furnace circuit 

Che%enard has also designed an apparatus (Fig 58) in which the extension 
of a length of wire with increase in temperature (due to increase in the supply 
current which passes through it) causes a resistance to be put into the circuit 
A part of the supply current is passed through a length of nickel chromium 
steel wire contained in a \ertical Pyrex glass tube The instrument is adjusted 
to be in equilibrium at the required temperature, and any fluctuation in the 
current supply causes a change m the temperature of the wire, and consequently 
in Its length This change in length is transmitted to a long needle which, 
through a linkage, moves a lever with prongs dipping into mercury contacts 
Fluctuations m atmospheric temperature are compensated for by making 
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the link lever bimetallic, so that as it bends with change of temperature its 
point of contact with the needle is proportionately affected. 

Expansion of the furnace tube 

It is possible to use the furnace tube or core itself as the expanding medium, 
and this results in a rapid response to temperature changes. The method 
has been successfully applied to the regulation of furnaces used in laboratories. 
The tube can be of iron, nickel or chrome-nickel, according to the required 



temperatures, and is fixed securely at one end in a clamp, whilst the other end 
is free to expand and operate a switch through a system of levers. Fig. 59 
illustrates diagrammatically the principle of such a form of regulator, in which 
one end B of the tube A is fixed in a support, the other end C bearing against 
a lever which operates a switch D. The supports for the lever are water-cooled 
to prevent expansion. * 

The “ Area ” regulator . — The variation in length with temperature of a 
strip of ebonite is made use of in the “ Area ” regulator. This strip of ebonite 
controls a special form of relay, which, together ttith the strip, is mounted in 
the chamber to be regulated. Gas or other valves may be operated by means 
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of a power cylinder The principle of the apparatus may be understood by 
reference to Fig 60 , This figure illustrates diagrammatically the control of 
steam pressure but the general pruiaple is the same Increase or decrease 
of temperature causes a long ebonite strip coimected through a spnng to the 
lever I to move this lever further from or nearer to the jet m and so control 
the rate of flow of water from the nozzle of the jet to the w'ater pipe The strip 
IS directly connected with the lever / instead of the bellows k Restriction 
of the flow of water causes a rise in pressure m the pipe h and in the space beneath 
the flexible diaphragm n in the pilot valve b causmg the latter to rise and open 
suitable ports to permit the supply of water to flow into the power cylinder c 
as well as through the pipe h to the jet As pressure water is supplied to the 
upper part of the cylinder c the piston falls and pulhag down the chain increases 
the opening of the gas supply valve If the temperature r^es too high m the 



chamber the lever moves further away from the nozzle m with the result that 
the jet flows more freely and pressure falls in the valve chamber b The spring 
above the diaphragm forces the valve down so that through suitable ports 
the operating cylinder c is put into commumcation with the waste pipe and the 
piston moves the gas valve concspondw^ly In practice the relay a and pilot 
valve b are made in one unit 

It will be tealixed that the wocking pnnctple of this regulator is in effect 
similar to that operated by the expansion of a liquid through a pilot valve 
controlling air pressure as described in Chapter 8 

A number of other physical properties may be controlled by a si ght modifi 
cation of the regulator To apply the reg:ulator to electrical work the movement 
of the jet lever is controlled by a reli^ The position of the armature of this 
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relay is dependent on the voltage across, or the current in, the apparatus to which 
the regulator is connected. The regulator has been applied to control the 
position of the electrodes in an electric furnace. The electrodes are moved 
by hydraulic cylinders controlled by the regulator. ' 



Fig. 60. — Principle of " Area " regulator 

Reference 

Chevenard, Rev. de Mel., No, 8, August. 1931, 453-468. 
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BimetnlHc'Strip regulators 


The expansion of metals \vith temperature is made use of m a special way 
in thermostatic bimetals Two metals, or more generally two alloys, of widely 
different coefficients of thermal expansion arc firmly bonded together over 
tlieir surface of contact by brazing or welding Change of shape will occur 
w hen the temperature changes, and this change of shape, magnified if necessary, 
can be utilized for temperature control purposes Thermostats of this form, 
depending on the materials used, can be used up to a temperature of about 
'iOO® C I hey are simple, fairly robust and reliable if adequate care is taken 
in their manufacture and use For these reasons such thermostats arc very 
popular for many industrial and domestic heating appliances 

Choice of components for bimetallic strip 

The difference in the coefficients of expansion of the two components is 
one of the prime considerations in the selection of these components The 
expansion of alloys, particularly those with low coefficients does not always 
increase regularly with temperature abrupt changes m the direction of the 
expansion temperature curve often being found, with a large increase in the 
expansion at higher temperatures so that the element having the lower co 
efficient must be suitably selected with regard to the required working 
temperatures 

Materials for the high expansion component, in addition to having a high 
coefficient of expansion should be easily brazed or welded, should develop 
high elastic properties as a result of cold-woricing and should have good heat- 
resisting properties 

A stable zero position is largely dependent upon the strength and elasticity 
of the components At the junction of the two components on heating there 
will be tensile forces m the higher expanding material and compressive forces 
in the lower If c strengths arc widely different, there is a possibility of 
exceeding the elastic limit of the softer matenal during heating and cooling 
so that the bimetal strip does not regain its onginal shape on cooling It is 
therefore advisable to combine components of similar strengths and, if possible, 
of equal and great elasticity 

A further point in this connecUon is that in addition to internal stresses, 
the bimetal may be subject to stresses due to restraints, loads, etc , which may 
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affect its performance if these stresses exceed the elastic limits of the materials 
at high temperatures. 

Since the accuracy of a bimetallic strip depends principally on the elastic 
properties of the combination, it is therefore essential to use the materials in a 
state hardened by cold-rolling and carefully heat-treated to obtain the highest 
possible strength and elasticity. Subsequent treatment which will affect these 
properties adversely should be avoided. Strains resulting from manufacture, 
which remain in the combination, should be removed by heating to about 
50’ C above the intended working temperature and slowly cooling. 

If cold-treatment such as bending, rolling, etc. is to be done, this should 
be carried out at a temperature lower than that which the part is expected 
to reach in sendee. 

If a heat-treated part requires further mechanical adjustment, it should 
be given a further heat-treatment after such adjustment is carried out. Parts 
being heat treated shoulcTbe free to deflect or be restrained in the same manner 
in which they will be in service. 

After mounting and before final adjustment of accurate bimetallic thermo- 
stats they should be given several cycles over the entire temperature range, 
heating and cooling from below the minimum to above the maximum temper- 
ature under conditions similar to those to which they will be exposed in 
service. 

For the element of low coefficient of expansion. Invar (36 per cent nickel, 
0-1 per cent carbon, 0-5 per cent or less of manganese and the remainder mainly 
iron), is commonly employed. This material may be used up to temperatures • 
of about 120° C. A nickel content of 40 per cent is used up to 230° C, 42 per 
cent to 340° C and 46 per cent for temperatures up to about 440° C. For 
temperatures higher than these values the thermal expansion is comparatively 
large, and the difference in expansion between the two components of the 
bimetallic strip diminishes, thus rendering the curvature so slight as to be 
of no practical use. One point of importance may be mentioned here. Invar, 
upon heating, expands initially with a coefficient of 1 X 10'®, about equivalent 
to that of iron or nickel, and then after the lapse of a few minutes at the same 
temperature, contracts to show a normal coefficient of expansion of about 
0-4 X 10'®. Consequently, in using Invar under conditions where rapid 
rates of heating or cooling are involved, this temperature-time hysteresis effect 
may influence the deflection of bimetals by an appreciable amount. As for 
the properties of Invar, it is very strong and ductile. It is generally ferro- 
magnetic but becomes paramagnetic in the region of 165° C. Above 200° C 
its expansion is nearly that of steel. 

With the small-expansion element Invar, the large-expansion elements 
sometimes used are Constantan (nickel 45 per cent, copper 55 per cent) or 
Monel metal (nickel 65 per cent, copper 30 per cent, iron 5 per cent, manganese 


101 



TIN M M (I n I A 


4 pir trill), mitl fur cirtiiii iiur|i(wcii Iroii-iutkcl-rn'ilytKlciiiini nlloy {nickel 
per LCiU, innlylulciium 6 jier tent, reitnimltr Iron) ’Hit Jclictlion 
int Nslirn iwiiK Miincl mital, liowcvcr, 1< ratliir low 'I Jicbc toinliinationB 
arc suiifllilc for kiMjicrnlurcA up lo aboul ll^O’ C 1 or luglicr (cinpcfatiirc' 
rfingcB up lo 'lO'i'’ c n iikktl lUrl (li per cent nickel) ns the loM-mp inBion 
coiiipo/Hiil with nkkcl tonOaiitan m Oic Ingli ore cnipif))cil ; while for even 
Inplirr IcitiptrfiliircB, *iicli na fiW C, a nickel steel (4^! per cent nickel) n uhcI 
willi nn iilitjy of iniii IH per tent, nickel 527 per cent, urul molylulcmim f) per 
ttiil Hctciit ilcvclopniiitlR have rtsiillid in the use of niekcl chrorniiim 
(illoys emit lining from IH to 2U pir cent nickel onii from ^ lo II per cent 
tlirmiiliim ami tinny other eomhinitions arc now tommcrcially availahk 
ftmii for iiistaiiec, Messrs Henry Wlggin & Co I (d , IJirtningliam 

1 lie cx|) insion of sonic alloys cliangcs fuirly t ipidly over a certain temper- 
ature range lu smut mstatie-Cs licing low up t<i a certain temperature, then 
Idcrciitlng rapidly nnd llitrcoficr falling off again I Ins pcculnrily tan be 
api’lird iiscfiilly for emitrol nt a fixeil uorking tcmpcrdtiirc which is within 
the inaxliinitn expansion range of the elioscii alloy Diia minmiizcs cxecssivc 
stress taking pUec at (he adjoining aiirfateofihc (wo eomponrnta 

A eoinlmirtlion of 42 per tent nitkcl and r>H per cent iron with i2 per tent 
likkcl, hi per criit iron, sod f> per ten! iiiolyh<lcniim lias sliglil curvature up 
toalioutlWi < then increases rapidly hclwcen IhU and /id C whilst above 
400 C further increase in curvature is very alight 1 he useful working range 
lliercforc lies lictwecn thd C ami 'J* h» ( llic useful working nngc oH2 per 
cent nickel and f't per vent iron willi Invar lies hctwieii ^hd C nnd ihd C 
IkloH 2!'i(r C llie strip turves in the op|V)sHc direction to that above 2''d C 
In selecting n cotiiIuii ilioii of ineHls preference should be given t" that 
wliiili gives the greatest change iti curvature near the operating tempcniurc 
intbev than to owe which Im the greatest U«Ul curvature up to that temperature 
A fid wlikli must he home m iiiliid when climrsing ni'iterula for coinpon 
cuts of a liiiiictll which is to he healed by coiuluctimi is tint Invar and most 
of the liigli tciiipcrnlurc Imnctsl cninpimcnts, such as ebrummm nickil steels 
aic I'oor conductors of heat 

Diliictistoiis of htmclnl 

J lie diiiieiisioiis of a hiincldik strip will have a bcjriitg on llit extent of 
eiirvaltitc nnd force cxcrlcd hy llic free end Ihc oniount of bending will 
iiictcasc ns the strip hccoincs thinner, hut (he f<»rcc which the free end of the 
strip is dbic to exert la propmlieinal to the third power of the thickness of the 
atrip I lie force, ttiiisctnicnlly decreases more rapidly tJnn tlic curvature 
liicrinsca with lliiniicas , It must, however, be sufliciciit to operate n rncclniusm 
or to open or dose a conlact with ccrljlnty A numher of thin biindillic strips 
clam|M:il at erne end arc wmetemes used tci priivldc siilhdcnt force 


BIMETALLIC-STRIP REGULATORS 


Increased length and decreased thickness of a strip renders it sensitive to 
shock and other mechanical effects, and causes its action to be uncertain. A 
small movement of the free end is usually sufficient, particularly if the current 
passing is sufficiently small to avoid arcing at the contacts. The deflection 
of the free end of a bimetallic strip is proportional to the square of the length, 
when the deflection of the free end is relatively small in comparison with the 
length of the strip. For a definite thickness, the force exerted by the free end 
is inversel}' proportional to the cube of the length of the strip ; with a strip of 
constant length it is directly proportional to the cube of the thickness. Thus 
the force at the free end of a bimetallic strip remains constant if the length is 
increased in the same proportion as the thickness, but the resulting deflection 
becomes proportionately greater. The amount of deflection can therefore be 
increased, and the force available for making and breaking contact kept the 
same, b}' increasing the length or decreasing the thickness, if at the same time 
the thickness is proportionately increased or the width increased proportionately 
to the third power respectively. Increasing the width does not decrease the 
amount of deflection. The radius of the bend should be at least five to eight 
times the thickness of the strip. 

It is possible to arrive at the characteristics of a bimetal mathematically,^'® 
but the derived formula are rather complicated and the calculations do not 
always give accurate results. Nevertheless, the approximate figures obtained 
serve as a guide. In the formuls obtained by Timoshenko' it is assumed that 
the coefficients of expansion of the two elements remain constant during heating, 
that the friction at the supports is so small that it can be neglected, and that 
the width of the strip is ver)' small. The cur\’ature of such a strip is given 
by the equation — 

1 6 (g, — Ui) {t — tp) (1 -f mf 

s h [3 (1 — m)- -f (1 -f m7t) {pt- Ijmn)] 
where s = radius of cuirature of strip, 

Oj and = coefficients of expansion of the two metals, 
h = thickness of bimetal strip, 

m = — z= ratio of thicknesses of the component strips, and 
E 

n = — = „ „ moduli of elasticity, 

E., 

to and t being initial and final temperatures of the strip. 

If the thicknesses of both metals are equal, 

a, = a, and therefore m = \. 
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I _ 24(a,-gJ(f-r^) 
t A{U+ji + 1/b) 


1 Oi )(»-0 


The equation for the deflection ofthestnp is given bv 

8i 

where / is the length of the stnp and s the value obtained from one of the fore- 
going equations 

For use with these equations »i imj be stated that the brass invar tjpie 
of bimetal has a modulus of clastiatj of approvimatelv 17,500,000 lb per squire 
inch, and most of the medium and high temperature bimetals hav e moduli 
of elasticity of about 25,000,000 lb per square inch at room temperature These 
values are lowered bj 10 to 20 per cent at elevated temperatures 

Instead of the customary gradual bending with increase of temperature, 
8 sudden buckling of the composite stnp at the required temperature is some- 
times utilized For this purpose the two ends are ftted or in the case of a 
composite disc, the arcumference is held ngidlv in a frame The equation 
given b) Timoshenko for such a stnp, assuming the same conditions as before, 
and that the stnp is so bent that the more etpansible clement is on the concave 
side, IS — 

where 6, = initial deflection of stnp, 
h — thickness of strip, 

/ = length of stnp, 
tg = initial temperature of stnp, and 
t = teTtipenftmt aft. •pVftdh Verfvlftvig 

The temperature (I,) of backward buckling on cooling vs gi\ en b> 

*1 — — *e). 


where 


1 + 1 
aft— i<*)* 
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Weber- suggests a somewhat different equation for the bejiding of straight 
strips. With one end of the strip clamped, the deflection dS of the free end 
is stated to be related to the temperature by the equation — 

dS iL^R 
__ » 

dt 5 6 6 


where L = effective length of bimetal ; 


= difference between the two linear-expansion coefficients ; 



= the average of the two thicknesses ; 




sin- <p 2 sin (p cos (pS i 




di 


R 

6 = central angle of arc ; and 

e 

<P-7y 


is greatest for a straight strip (6 = 0). 


dS 


When the bimetal is made in a spiral form, ^ is greater than for a 

simple bimetal ring of the same heat-capacity ; but the force F for a spiral 
is much decreased compared with that of a single ring having the same mass 

or the same value of — • 
dt 

Ml MS^B 

P ^ > 


where L = effective length I 

> of bimetal ; 

B = width J 

6 = arithmetic mean of both thicknesses ; 

il/ = elastic modulus ; and 

I = moment of inertia of the cross section. 

. 

Incidentallv a new bimetal mav show considerable decrease in — over 

dt 

a period of time. This ma)' be minimized by thermal massage before calibration. 

A test-method schedule has been prescribed® by the American Society 
for Testing Materials for testing thermostat metals. 
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The usual shapes of bimetaU 

Some of the shapes commonly used for bimetals are illustrated in Fig 6!, 
which also provides information concerning their characteristics 



Fig 61 — Shapes of Inmetals 

K A B C 'V Z are constants of the individual materials values of which can 
be obtained from the makers oi the uatenals eg Jfenry Wiggin A Co Ltd 
A\igfin Street Birmingham 
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Bimctallic-strip arrangements 

The usual method is to place a strip or disc of the composite materials 
in the heated space, one contact being on the strip and the other on a convenient 
contact pillar nearby, ^^■hen adjustment of the setting has to be made, say 
in an oven, trouble is sometimes e.vperienced due to the binding of the thread 
of the adjusting screw, if it has been exposed to a moderately high temperature. 
Further, the contacts may be fouled by oils, varnishes, or other substances 
vaporized by the heat of the oven. It is advisable, therefore, where possible, 
to arrange that the adjustment and the contacts shall be outside the oven. 
This can be done by using a spiral bimetallic strip which moves a spindle 
emerging from the oven. The spindle then works the contacts. Alternatively, 
with a disc U’pe of bimetal, the movement can be transmitted by a rod bearing 
on its surface. 

It is sometimes found with bimetallic-strip thermostats that the contacts 
maintain themselves a small distance apart for considerable periods, while 
sparks pass beUveen them and a singing sound is emitted. This effect is due 
to electrostatic attraction between the contacts, which periodically close and 
open again. B}‘ fitting a compensating plate" above the upper contact and 
connecting this to the lower contact, the critical “ singing ” conditions may be 
eliminated and normal operation of the contacts secured. 

If any appreciable current is controlled through the contacts, a certain amount 
of wear is bound to ensue. The cause of this wear arises from a number of 
complicated factors, and the reader is referred to a paper by Betteridge and 
Laird* on this subject. 

Other uses of bimetallic-strip thermostats 

Cold-junction temperature control . — In a thermo-electrical circuit the electro- 
motive force generated by the thermocouple depends, among other things, 
on the difference in temperature between the hot junction in the furnace and 
the cold junction at the head of the thermocouple. If the temperature of the 
cold junction varies, the readings of the galvanometer — either indicator or 
recorder — ^^vill varj-, although the hot junction may be at a constant tem- 
perature. 

Various methods have been devised to control the temperature of the 
cold junction, and the decision as to which method should be adopted depends 
on the degree of accuracy required and on the conditions under which the 
apparatus is to be installed. A convenient way of controlling the cold- 
junction temperature is to place the junction in an electrically controlled 
thermostat. 

The Cambridge bimetallic type thermostat for this purpose (Fig. 62) consists 
of four heater coils in series with two high-resistance carbon filament lamps 
giving a red and green light respectively and placed outside the apparatus. 
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A bimetalhc stnp S, carrying an adjustable platinum contact at its end, is so 
arranged that when a definite temperature is reached, the distortion of the stnp 
causes contact to be broken, which pots both lamps into the circuit. The 
resistance of the lamps decreases the number of watts dissipated m the heater 
cods H, and the temperature then drops until the biraetaUic stnp makes contact 
and shunts one lamp, therebj again increasing the number of watts dissipated 
b} the heater cods The bimetallic stnp, heater cods and cold junction are 
immersed in an air bath, placed in an outer metal tarik, the space between the 
two sessels being well lagged to preient undue heat loss The lamps act as 
pilot lights, in addition to functioning as senes resistances A number of 



Fig 62 — Circuit diagram of Camtmdge BimeUIIic Tbermostat for cold'jimctioii control 

thermocouples can be controlled by this thermostat The cold junction 
temperature can be controlled to withm about 0 o® C 

A bimftalhc regulator untt is available whitdi consists of a bimetallic stnp 
operating contact-points of tungsten, the whole being mounted m a small 
glass tube sa> • cm long bv 1 cm dumeter and filled with inert gas The 
unit has a low thermal capaciQ and the contacts do nOl become contaminated 
Bimetalhc stnps do not alwwvs operate through the medium of contacts, 
but ma) be used to regulate a pilot valie which controls a suppiv of steam 
or compressed air to operate a mam i^e 

Car thermostats —As stated in another ch^tcr the bimetallic principle 
is adopted* in the design of thermostats for regulating the temperature of the 
water-jackets of motor-cars An osunple of this tvpe of thermostat is 
illustrated diagranimatically m Fig 63 This thermostat functions m a similar 
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manner to that described on page 69, but employs a bimetallic strip in place 
of a bellows. The bimetal is bent into semi-circular form, the ends being 
attached by means of two short arms to a lever. The longer arm of this lever 
terminates in a fork which raises the plate valve from its seating against the 
pressure of a spring. The heated water causes the strip to straighten and so 
mote the lever by means of the two small connecting pieces. 

Carburettors . — ^Thermostats have also been applied to adjust the carburettors 
of motor cars. The orifice of the jet can sometimes be varied by means of a 
needle-valve which permits of a greater flow of petrol when starting, which 
can be decreased by hand when the engine has warmed up. Other methods 



Fig. 63.— Car thermostat bimetalh'c-strip t)'pe 


are to cut down the amount of air supply or to incorporate an au.viliarj- carbur- 
ettor at this warming-up period. In all cases the actions can be made automatic 
with the assistance of a bimetallic element, situated either in the water system 
or attached to the exhaust manifold and connected electrically to the different 
control motions. 

Fire alarms . — Thermostats are sometimes employed either to give warning 
by ringing a bell or to operate sprinkler derices to e.xtinguish fires. They come 
into operation when the temperature of a room reaches a certain value. These 
devices may consist of bimetallic strips which close electrical circuits when 
they bend. A bell can be made to ring continuously until the temperature 
falls or the alarm is cut off. 
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CHAPTER 12 


Electrical-resistance thermostats 


The property of change of electrical resistance of a material wath temperature 
has afforded the basis for the design of a number of regulators. In a very simple 
and inexpensive form, this propert}' can be adapted to control temperatures 
within moderate and satisfactory’ limits of fluctuation, whilst by elaboration 
it can be arranged to control within very' fine limits. Some of the less elaborate 
types will be described first. 

Salt resistance 

When using a large number of solder pots, it is a great advantage to have 
the heating automatically controlled so that the workman may devote his whole 
attention to the work in hand. The thermo-electric pyrometric control method, 
described later, is applicable to this work but is very expensive, especially 
when a large number of pots are in use, each requiring a separate control. 
The cost of the salt-thermostat method is comparatively low. The temperature 
is held constant within fairly close limits and the device is strong mechanically, 
the latter being a distinct advantage in the case of solder pots. The principle 
on which this class of resistance thermostat depends is that salts, oxides, and 
non-metallic materials in general have a negative temperature-coefficient of 
electrical resistance, that is, the resistance usually decreases rapidly as the 
temperature approaches the melting-point. Above the melting-point further 
decrease is slight. In a number of cases, salts decrease their resistance from 
about 1,000 to 5,000 ohms per centimetre cube down to 1 to 5 ohms per centi- 
metre cube when the temperature passes through a range of 10° to 15° C (18- 
27° F) at or near the melting-point of the salt. The reverse change occurs 
on cooling the salt. This change in resistance is constant over long periods 
of time under conditions of alternate heating and cooling, such as obtain in 
solder baths. Hence the change in resistance of salts, when used in a cell 
contained in the solder pot and connected in series with a relay, may be used 
to operate a suitable switch for controlling the heating current of the pot. The 
salt resistance cell may be simply a steel tube. 

The operation of the apparatus is very simple. For solder pots, a salt having 
a melting-point of about 400° C (752° F) is used. When the pot is cold, the 
resistance is high, but as the temperature of the solder rises, the resistance 
of the immersed salt decreases, but will not be low enough to allow sufficient 
current to pass to operate the relay until a temperature of approximately 400° C 
is attained, when the strength of the current is such as to trip the relay, which 
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in turn operates the switch cutting off the heating current The current will 
continue to flow through the salt resistance until the temperature of the solder 
has dropped and the resistance of the salt has increased so much that very 
httle current passes The relay then returns to its original position and again 
switches on the heating current This cycle of alternate heating and cooling 
repeats itself as long as the pot is m use With gas- or oil-fired equipment, 
a magnetically operated vahe for regulating the fuel supply is substituted for 
the switch 

This salt-resistance thermostat has been used on solder and Babbitt metal 
pots, aluminium melting-pots and oil-tempering baths It has been found 
that the temperature remains constant to \nthin 3° to 5° C at 500° C when the 
pot IS not being worked 

Metal resistance 

Molten metal can be used in place of a salt , the specific resistance of a 
metal increases on melting to about twice that in the solid state A constant 
direct current, as control current, is passed through a mass of metal such as 
zinc, which is contained m the furnace or bath to be controlled ^Vhere close 
control IS needed, potential-leads are taken from the inside of the metal to a 
reflecting galianometer, the reflected light from which can fall upon a photo- 
electric cell The photoelectric cell then operates some form of relay, such 
as a thermionic lalve, to control the furnace heating circuit A coil of copper 
w ire mav be used instead of molten metal A fuller description of the equipment 
used with these metal resistances is giien below in the section dealing with 
Resistance Furnaces 

Iron renstance — It (s well known that the resistance of iron wire increases 
rapidly o\er a limited range of temperature This fact may be made use of 
to smooth out the effects of loltage variations in the heating-supply current 
to a furnace The iron wire is enclosed in an atmosphere of hydrogen to prevent 
oxidation, and is placed m the electrical circuit in such a way that sufficient 
current passes through it to cause it to glow. A slight increase m the applied 
\oltage increases the temperature of the iron, causing a n$e m its resistance 
and a subsequent diminution in the current allowed to flow through the wire 
It will be understood that the arrangement operates satisfactonly at a critical 
current only and is very httle used for temperature-control 

RESISTAN'CE FURNACES 

The heating coil of electrically-heated laboratorv furnaces can be used as 
the sensitive element of a thermostat The advantage of this arrangement 
IS that no furnace space is occupied by any components of the thermostat 
Further, since the heater and sensitive element are identical, there is no thermal 
lag between the two 
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It is, of course, essential that the resistance of the heating coil should change 
to a reasonable extent with change of temperature, and the coil should not 
“ deteriorate ” rapidly ; that is, the temperature-resistance relationship should 
remain sensibly constant with time. To meet these demands the materials 
v.hich may be used are platinum, platinum-rhodium, molybdenum, nickel, 
chrome! or other similar materials ; but platinum or platinum-rhodium is 
preferably used at elevated temperatures. The disadvantages of a platinum- 
wound furnace are first, the e.xpense, and secondly, it is not easy to arrange 
the winding to give a large zone of constant temperature, for owing to the high 
temperature-coefficient of resistance of platinum, hot spots tend to become 
hotter and vice-versa. Whatever kind of wire is used for the winding, it is 
desirable that the length of the winding be made five or more times its diameter 
in order to obtain a flat maximum in temperature-distribution along the axis 
of the tube. 



Fig. &4. — Schematic diagram showng basic principle of the Geophysical Laboratory 

thermostat 

This use of the heating coil of the furnace as a resistance element and means 
of control forms the basis of the thermostat designed by ^^Tiite and Adams 
and collaborators at the Geophysical Laboratory-. The same principle 
has been used by a number of other workers, to whom reference is made 
later in the chapter. The original design of White and Adams having been 
modified in several details, these latter will be described after an account of 
the original arrangement has been given. 

Geophysical laboratory thermostat 

The principle of the apparatus is that the heater of the furnace, having an 
appreciable temperature-coefficient of resistance, is associated with three other 
adjustable resistances whose temperature coefficients are negligibly small, 
to form a Wheatstone bridge. In the usual way, a change of temperature 
of the furnace resistance in either direction unbalances the bridge and produces 
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an unbalanced current in the circuit, its direction depending on whether the 
temperature has become higher or lower than that for which the bridge was 
balanced 

The current from the mams passes through a fixed resistance R (Fig 64), 
and through a rheostat Rh, the latter bemg so adjusted that, with R m the circuit, 
too little current flows, and with R shunted bj the switch E too much current 
flows, to maintain the furnace at the desired temperature A suitable dei ice 
at D, described later, which includes a gali-anometer actuated b} the current 
m the galvanometer circuit of the badge, opens and closes the switch E as the 
resistance of the furnace becomes too high or too low respectively WTien E 
opens, the current through the furnace is reduced, and the temperature and 
resistance of the heating coil decrease Sinularl) when E closes, the temperature 
and resistance of the heating coil increase Thus the resistance of the heating 
coil IS caused to oscillate through a short interval on either side of some definite 
value, the average resistance remaining constant. The corresponding vanatjon 
m the temperature of the vvire of which the heating cod is made often amounts 
to several degrees, but the penodofosciUauonisscIdommorethanafew seconds, 
and because of lag, its effect on the constanc) of temperature inside the furnace 
IS usual!) too small to measure b) ordinm methods 

It ma) be mentioned here that Turner (see p 209) considers it inadvisable 
to improve the contact between the heaang element and the sensitive element 
or regubtor to such an extent as to identifv them as is done in this form of 
regulator He argues that the heating cod on the furnace is hotter than its 
surroundings, including the furnace intenor This would not matter if the 
temperature difference were constant, but the difference is proportional 
to the square of the suppl) voltage U hen the heater and regulator are identical 
a decrease in ambient temperature produces an mcrease in current suppiv 
and therefore an increase in the excess of healer temperature over the furnace 
space temperature Thus fall of ambient temperature and nse of suppiv 
voltage severally depress the furnace-space temperature 

Reverting to the Geophj'Sical Laburator) furnace. Fig 6a shows the complete 
diagram of the onginal apparatus, f being the furnace The badge mav be 
balanced by means of the sbding contacts x and y, b) brmgmg them to the 
same potential, when the resistance of the furnace has anv value between 
chosen limits Contacts x and \ aie connected to the galvanometer through a 
sj-nchronous rectifier S, which may be short-circuited bv the switch Szc when 
direct current ts used The insulated boom (6) of the galvanometer is arranged 
to make either of the two contacts a and c, dependmg on the direction of the 
current through the galvanometer cod If these contacts were used directlv 
to break the heatmg current, trouble would be expenenced due to their stickmg 
and sparking, and a satisfactory remcdv is to use a tnode v alve as an mtermediate 
relay As prevvouslv mentioned, the advantage of such a relay lies in the fact 
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that its operating current, which must pass through the galvanometer contact, 
may be made less than 1 micro-ampere. The boom of the galvanometer is 
connected to the grid of the triode T, whose plate current passes through a 
high-resistance relay i?j. The potentials of the contacts a and c are so chosen 
that when the galvanometer closes contact c, very little current flows in the 
plate-filament circuit of the triode and relay is open ; whilst when the 
galvanometer closes contact a, a moderate anode current flows and the relay 



Fig. 65. — Ciicviit diagram of original Geophvsical Laboratory thermostat 

closes. The closing of causes R„ also to close and to short-circuit the resis- 
tance R in series with the bridge and furnace. 

The operation of the apparatus is as follows : Assume that the furnace 
is hot and the bridge balanced ; that the rheostat is adjusted so that with R 
in the circuit too’ little current flows, and nith R short-circuited too much 
current flon-s, to maintain the furnace at its proper temperature ; and that the 
rela}"- and galvanometer contacts are in the positions shown in Fig. 65. Since 
the relay R^ is open, the e.xtra resistance R is in circuit and the furnace is cooling ; 
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change, while for a cycle m which the on and off are unequal, the resultant 
change of resistance forces the «itcr\als tovrards equality, and if the demand 
remains steady, soon brings them to equality The resistance changes have 
to be made slowly to aioid introduang instabtUty or “ hunting ” 

Auxjltary furnace ~'The electrical power supplied to the furnace vanes 
as the square of the loltage or as the square of the current The thermostat 
ma) therefore be arranged as an auxiliary furnace to maintain a constant root- 
mean-square loltagc or current for a main furnace This is an advantage 
in cases where the heater of the mam furnace has, due to cost, to be made of 
cheaper matenal of low temperature coefficient or of matenal which may 
change its properties at high temperatures After equilibrium has been reached 
between the temperature of the auxiliary furnace and that of its surroundings, 
the mean power supplied to the auxiliary during each cycle depends only on 
the temperature of the furnace and that of its surroundings The influence 
of the surrounding temperature may be made negligible by operatmg the 
auxiliary furnace at a high temperature, say 1,200* C, while the mean resistance 
of the heater mav be kept constant by making the heater of a matenal such 
as platinum, which does not deteriorate at this temperature Another method 
of compensating for variations m ambient temperature is by placing a copper 
coil in one arm (A in Fig 64) of the bridge The coil is wound on a metal 
spool and placed tn the open near the bndge coiU It is inadvisable to increase 
the thermal lag of the cod by covering it with say, tape to make it respond 
to tempecatuce-changes at about the same race as the furnace A slow drift 
of temperature will occur if the auxiliary furnace winding is kept at temper 
atures above 1,000® C for prolonged periods The drift is less with plaunum- 
rhodium than with platinum winding Forconstant voltage the load is connected 
in parallel with the bridge, that is, across to and s in Fig 65, and for constant 
current in senes with the bndge This method is useful to eliminate the effect 
of variable Ime-voltage where the usual arrar^ement of the thermostat is 
ineffective 

Other forms of resistance thermostats 

Dealing now with some modifications of the mam details of the furnace, 
that suggested b> Brown'* may be considered first In order to prolong the 
life of the platinum element in the furnace, a large part of the heat may be 
generated by a more suitable resistance element An alundum tube is wound 
in three sections, the two outer sections being wound with Brightray ribbon 
in two layers {A, B and C, D— see Fig 67), separated bj a layer of alundum 
cement The middle section is wound with Bnghtraj ribbon and 35 s w G 
platinum wire, arranged as a double threaded screw m the same plane (E, Pi) 
The resistances are so connected that a WTieatstone bridge arrangement is 
formed with one arm consisting of the platinum resistance and the other three 
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of the Brightray wndings, the latter ha\Tng, of course, a lower temperature- 
coefficient of resistance. The bridge is in balance at one temperature only, 
and this temperature can be fixed by the variable resistance R^, and the slide 
wire connecting A and Pt. 'Wlien the galvanometer G is deflected, due to temp- 
erature-variation in the platinum uinding, a contact, carried by its moving 
coil, touches one or other of Uvo fixed contacts. The relay R is thereby energized 
and opens, or closes, a mercury switch connected across part of the resistance 
R.,. The current in the windings is therefore too large, or too small, to maintain 
the desired temperature depending on whether is out of, or in, the circuit. 
To minimize the effect of these fluctuations of temperature in the furnace 
space, the walls are made of an inner tube of silica, separated from the outer 
tube of alundum by a nickel sheath, which incidental!)' is earthed. The object 
of the nickel sheath is to prevent electrical leakage from the windings of the 



Fig. 67.— Broi^Ti resistance furnace thermostat 


furnace tube. This thermostat can be arranged to give slow-heating or cooling 
by changing the balance of the bridge continuously. This is done by inter- 
posing a second slide u-ire beUveen B and E. Connection is made to the gal- 
vanometer bv a slider on this wire, moved at a suitable speed by mechanical 
means. 

Separate coil and heater . — It is sometimes necessary' to separate completely 
the thermometer coil and the heater, where the heating element has too low a 
temperature-coefficient, or where the furnace is heated by oil or gas. In other 
cases the separation is made for convenience. Under these conditions the coil 
can be made to function as a resistance thermometer only, and the current 
is then varied through the bridge by means of the relay. A separate thermometer 
and heater coil have been used by Prosser.*® A further point of interest in this 
t)-pe of thermostat is that alternating current is used, which makes it possible 
to obtain a large amplification, by the use of valves, of any out-of-balance 
voltage in the bridge-circuit system of control. 
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Pnnaple of the Prosper thermotlat — ^The thermostat circuit (Fig 68) contains 
a relatively lou-resistance, non-inductive platinum thermometer a, m a non- 
inductive bridge circuit, fed from a 4-volt vnnding on a transformer connected 
to the 50-cycle mams Any out of-baiance voltage, due to the temperature 
of the thermometer deviating from die value set by the slide wire in the bridge 
circuit, IS amplified by the tvto-stage valie amplifier b and then applied to the 
grid of the control valve c The anode circuit of this valve is connected, through 
reversing contacts d, across a 110-volt winding on the mams transformer, 
but IS in senes with a large condenser e This condenser is, in turn, connected 
to the gnd circuit of a relay \alve f which has a telephone-tjpe relay g m its 
anode circuit This relay controls the current to the furnace through another 
larger relay h, and also operates the reversing contacts d 

The sequence of operations can be understiMd more easily if it is assumed 



Fig 68 — Circuit diagram of Prosser thermostat 

that the temperature is correct, so that there is no out-of-balance voltage from 
the bridge circuit Starting from a point in the cycle where the contacts are 
in the position shown in Fig 68, i e when the grid of valve / is negatively 
charged and the rectified anode current is small, the control valve c will pass 
a small rectified current which slowly reduces the negative charge of the con- 
denser e, thus gradually increasing the anode current m the relay valve / At a 
certain value of this current the relay g will operate and reverse the contacts d 
The rectified current passed by valve c will now charge the condenser m the 
rev erse direction, and so gradually reduce the anode current in the relay valv e / 
The relay g, will, however, reroam closed until this current has fallen to a 
certain value, when it will open and again reverse the contacts d, thus repeating 
the cycle The values of the components are so chosen that the complete 
cycle occupies about 40 seconds, the furnace thus being supplied w ith maximum 
current for about 20 seconds, and with a reduced current for the subsequent 
20 seconds 
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Considering now the case when the temperature of the platinum winding 
is slightly low. There trill then be an out-of-balance alternating-current 
voltage applied to the grid of the control valve c, which trill be approximately 
proportional to the temperature-deviation, the connections being so arranged 
that this voltage trill be in phase with the anode voltage when the relay is in 
the open position, as in Fig. 68. The rectified current passed by the control 
valve tvill, therefore, be greater than normal, hence the condenser e will charge 
up quickly, causing the relay to close in less than 20 seconds. When the relay 
closes, however, the contacts d. are reversed, so that the anode voltage on the 
control valve will now be out of phase with the grid voltage. .As current is only 
passed by the valve during the half-cycle when the anode is positive, and as 
during this time the grid will be in the negative half-cycle, the mean rectified 
current trill be less than normal and the condenser e will charge slowly, causing 
the relay to take longer than 20 seconds to open. 

Should the temperature of the furnace be high, the out-of-balance voltage 
will be in opposite phase, and the converse of the preceding will apply. 

It trill be seen that the control obtained is directly proportional to the devi- 
ation of the temperature from normal, so that, provided the time-lag between 
a change in the mean furnace voltage and the resulting response of the platinum 
thermometer is less than a certain value, the thermostat will control the tempera- 
ture without “ hunting.” Care has to be taken to ensure that the grid and anode 
voltages on the control valve c are as nearly as possible in phase, or antiphase ; 
and to obtain this, an optimum value of the condenser ' across the coupling 
transformer can be determined by trial. For this purpose a cathode-ray oscillo- 
graph was used by Prosser. There will also be a certain amount of extraneous 
pick-up from the mains, and some out-of-phase component, but their effect 
is to increase the frequency of operation of the relay without appreciably 
affecting the sensitiviu' of control. 

Alternative circuit . — By a slight modification of the circuit shown in Fig. 6S 
it is possible to increase the maximum sensitivity about four times, at the same 
time gaining other advantages. This form of the thermostat was in the experi- 
mental stage at the time of writing. The revised control circuit shown in Fig. 
69 differs from that of Fig. 68 mainlj’ in that the control valve c does not now 
act as a kind of variable resistance directly in series with the condenser e, but 
is in this case used to supply a variable voltage to charge the condenser e through 
a fixed resistance. 

The reason for the change is that it is possible to maintain the grid circuit 
of the control valve at a constant potential, and there is thus less risk of ex- 
traneous pick-up. The control-valve circuit is now less sensitive, but compen- 
sation in the form of increased amplification is provided by coupling the low- 
impedance bridge circuit to the high-impedance amplifier through a microphone- 
type transformer. A condenser of OT (.iF, shunted across the secondary 
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necessary to make separate proyision for reyersmg the phase of the alternating 
current supply to the anode or altcmatKely the phase of the gnd \oItage 
may be reyersed This is done by means of an earthed centre-tapped yyinding 
on the transformer using an additional set of contacts on the relay to connect 
the anode circuit to cither end of the yyinding allemately The same yvind ng 
IS used to giye a full yy^ye rectified supply to the amplifier through tyyo small 
estinghouse copper crude rectifiers A hgh rcsystance shorted between 
tyyo of the felay contacts maintains the control yaiie anode yoltage yyhen the 
relay is opening and preyents rt front becoming stuck in an intennediate 
position A -sistance included in one of the transformer leads 1 mits the 
short circuit current should the relay contact spnr^ be pressed together 
accidental!} 

The no’TTial frequency of operation of the relay can be yaned by altering 
the yoltage drop across the anode resistance of the control yaUe Thisisachieyed 
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by altering the grid bias obtained from a small copper-oxide rectifier, tapped 
across a potentiometer in the anode supply. A similar grid-bias circuit is 
provided for the relay valve/, and is adjusted so that, when the bridge is balanced, 
the relay will remain in the open and closed positions for equal periods. 

It should be possible to provide an additional control proportional to the 
rate of change of the deviation, hence eliminating hunting in unstable conditions. 
This could be done conveniently by varying the gain of the amplifier through 
a suitable control. With a high-gain amplifier it would probably be desirable 
to use a different frequency from that of the mains for the bridge supply, in 
which case the control valve could be of a frequency-changer type, with the 
'reference alternating-current voltage applied to an auxiliary grid. 

The Cooke and Swallow thermostat . — ^The resistance type of thermostat 
designed by Cooke and Swallow'’ also uses the temperature-sensitive resistance 
in the form of a thermometer in the furnace or bath. The design (Fig. 70) 
has a number of interesting features to which reference may be made. 

The form of the contact make and break is one of these features. Using 
a Weston relay, it was found that, owing to sticking of the contact-pieces, a 
considerable current through the coil in the reverse direction is necessary 
to break contact once it is made. To overcome this difficulty, the moving coil 
is placed in series with a winding of a telephone transformer. The other 
winding of the transformer is connected across the mains in series with a 200,000 
ohms resistance and a mechanical contact-maker, which makes and quickly 
breaks contact every 15 sec. 

The sudden interruption of current in the winding of the transformer 
induces a small momentary current in the other winding in series with the relay, 
giving the pointer a sudden “ kick ” and pulling it from the contact-piece. 

In place of the mechanical contact-breaker, use may be made of the inter-’ 
mittent discharge from a neon lamp'®’'® when connected across the mains 
in series with a high resistance of 5 megohms and shunted by a large-capacity 
condenser of 6 to 8 microfarads. 

The contacts of the Weston relay may conveniently be made to operate 
a triode-valve relay. Fig. 71 illustrates diagrammatically the circuit®® of the 
relay used in this thermostat. 

Z-i and are resistances or lamps in series with the filament of the valve, 
and suitably chosen to give the correct heating current for the filament. If 
the grid is maintained at the same potential as the filament, anode current will 
flow through the relay windings to the positive main, sufficiently to operate 
a post-office relay. By connecting the grid to a point of sufficient negative 
potential to the filament, this anode current ceases. In the arrangement shown 
in Fig. 71, the grid is normally maintained at a negative potential of 110 volts 
with respect to the filament by means of the 5-megohm grid leak connected 
to the negative main, and no current flows through the relay coil. The Weston 
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relay contacts are connected to the gnd and the negative end of the filament 
respectnely W'hen the Weston rel^ makes contact, the grid is connected 



directly to the negati\e end of the filament, bringing it to the same potential 
as the filament Anode current then flows and operates the post office relay 
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This arrangement is an extremely sensitive one, a minute movement and 
pressure of the Weston relay contacts being quite sufficient to operate the post- 
office relay. To protect the contacts of the post-office relay from damage 
by excessive sparking, a quenching resistance (Fig. 70) is connected across the 
windings of a power relay, which is used to cut off the main heating current. 
Lamp Z ,3 also minimizes sparking. A rheostat with an “ off ” position is shunted 
across the coil of the Weston relay to limit the current passing through it while 
preliminary adjustments are being made. The Weston relay has to be carefully 
insulated from vibration to prevent chattering of the contacts. 

The use of a resistance thermometer in conjunction with an electron-tube 
amplifier has been described by Walsh and Milas,^^ and with a thyratron circuit 
by Zabel and Hancox^^ and also by Henny.^ 

Coates-^ has designed a regulator which does not involve a galvanometer 
or photocell and does not require accurate phase adjustment. 



Fig. 71. — ^Valve-type relay circuit for Cooke and Swallow thermostat 
(Beaver and Beaver) 

The operation of the instrument is based on the reversal of the phase of the 
out-of-balance e.m.f. of an a.c. bridge which occurs on passing from one side 
of balance to the other. 

The circuit is shown in outline in Fig. 72. Rectifier, smoothing and de- 
coupling circuits are omitted for simplicity. The d.c. anode supply to Fj 
and Fj was provided by a full wave rectifier and smoothing circuit of the type 
found in domestic a.c. radio receivers. The main circuit consists of three parts, 
a bridge containing the resistance thermometer, a valve circuit for amplifying 
the output from the bridge and a controlling device Z. The a.c. bridge consists 
of a centre-tapped winding of a transformer Tj giving about 10 v and two resis- 
tances Ri and ; one of these is the thermometer (of the order of lOOH or 
200f^) and the other is variable and can be adjusted to balance the bridge at 
any desired temperature. The transformer T„ applies an alternating voltage 
of the order of 300 V, to the anode of Kj, which will pass current only during 
the half-cycles when c „2 positive. The magnitude of this anode current 
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depends on the grid voltage , jt generates a potential difference across 
/?j which IS smoothed by Cj, R^ and Cj and so applied (e^j) to the gnd of Fj 
The current through Z controls the furnace through a suitable relay, 
and depends on the value of , the arcuit is so adjusted that when the bridge 
IS balanced = o , e^, is constant) the relay or other controlling device 
included in Z is just about to tnp — this adjustment is not cntical If the furnace 
is too cold the bridge isunbalancedandasmaU\oltagee,, — e*^iSinpt IS impress- 
ed on the gnd of I'j , this is amplified by I', and appears at the gnd of F, 
as a much larger voltage = »»e®,,sin(pt -f-at)>'htre m is the voltage ampli- 
fication of F, and its associated circuit This voltage, being of opposite phase 
to the anode voltage of Fj(e,j = sin J>/), will decrease the anode current tg 
of this tube consequently the negative gnd bias on F 3 will decrease and the 
current through the controller will increase If the furnace now becomes 
too hot, the bridge again becomes unbalanced and a small voltage e^, = 



Fig 72 — Cltcuit of a wide range tbermoieguUtor 


sin (p( f r) IS impressed on the gnd of I\, the grid voltage of I , is now 
sin pi If increases as is in phase with e, e^s becomes more 
negative and the current through the controller decreases The operation 
of the circuit will be made clear by reference to Fig 73 and the following table, 
which shows the conditions obtaining under the three possible states — 


Furnace cold 

Balance 

Furnace hot 

Sin pt 

» 

Sin (pt -r 

me"^i sm (pt + r) 

* 

sm pi 

sm pi 

Sin pt 

sin pi 

Decreased 

Mean value 

Increased 

Increased 

IteTay a'bout to trip 

Decreased 


On account of the high input impedance of Fj at low frequencies the sensi 
tivity of the instrument can be considerably increased by the insertion of a 
high ratio (e g microphone) transformer between the output of the resistance 
thermometer bridge and the gnd of F, 
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The instrument is easy to make, most of the parts required being ordinary 
radio receiver components. The sensitivity can be increased simply by increas- 
ing the a.c. amplification between and e^, i.e. may consist of an amplifier 
containing as many valves as the required sensitivity demands. 



Fig. 73. — Operation of thermoregulator 



Rel.\y 

Fig. 74.— Principle of the Proctor and Douglas temperature-regulator 


The thermometer consisted of 33 ft. of 40 s.w.g. platinum wire, and the 
relay ^ was a Sunvic vacuum swatch. The sensitivity rvas sufficient to control 
a (paraffin) thermostat to ± 0-001° C at — 20° C. A valuable feature of the 
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Circuit IS the verj small effect of tnains \oItage variations , with suitable adjust- 
ments to the automatic grid bias or other parts of the circuit the effect of mams 
vanations can be made quite negligible Initial adjustments are not critical, 
but reasonably non inductive resistances should be used for the bridge circuit 



Fig 75 — Proctor and Douglas regulator circuit using valve relay 

The bridge need not be exactly in balance at the desired operating temperature, 
and experiment has shown that the regulator does not fail when the bndge 
IS \erj highly out of balance though the anode current of the last vahe may 
ha\e to be limited m some way Small phase displacements occurring m any 
of the xalve circuits do not affect the operation appreciably 
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Utilization of the resistance-current-voltage relationship as a 
means of control 

If the temperature of an electrical-resistance furnace rises and the resistance 
increases, the ratio of the current flowing through the furnace to the voltage 
across it iiill decrease. This effect has been made use of by R. Proctor and 
R. Douglas-® in a simple control device. 

The principle of the regulator is shown diagrammaticalh’ in Fig. 74. A and 
B are two glass bulbs filled with air at atmospheric pressure, and connected 
together by a mercur\' manometer. Mounted in each of the bulbs is a heater 
filament. The filament in the bulb A is connected so as to be heated in pro- 
portion to the voltage across the furnace, while the filament in bulb B is heated 
in proportion to the current flowing through the furnace, as shown in Fig. 7 4. 
If the temperature of the furnace rises and the resistance increases, the ratio 
of the current flowing through the furnace to the voltage across will decrease. 
As a result the current passing through the coil enclosed in A will increase 
relative to that flowing through the coil in B and thus cause the air pressure 
in A to increase compared with that in B. This will cause the mercury’ in the ’ 
manometer to fall in the left limb, breaking the relay current and reducing 
the power supplied to the furnace by inserting a resistance in series with the 
furnace. The regulator is equally applicable to a furnace hating a negative 
temperature-coefficient by interchanging the voltage and current connections 
of the two bulbs. To avoid fouling of the mercurt’ contacts, it is advisable 
to use a thermionic- valve relay, as shown in Fig. 75. 
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Indicator and recorder pointer types of 
regulator 


CONTACT TYPES 

The contact type of regulator is used both m the laboratory and in industry 
Temperature indicators and recorders have a pointer attached to the galvano- 
meter if the pyrometer is of the thcrmo-electnc or resistance type, and a pointer 
attached to the Bourdon-tube gauge if of the liquid-expansion or vapour- 
pressure type The movement of these pointers can be utilized to control 
temperature The pointers have, however, verv little mechanical power behind 
them , indeed, the galvanometer pointer has practically none In general, 
adyustaUe contacts are arranged on either side of the pointer at the desired 
temperature, and deviation of the pointer from this value will cause the closing 
of one or other of the contacts This may be done either directly or with the 
aid of an auxiliary mechanism 

Direct closing of the contacts ts possible with the Bourdon tube gauge 
type, since there is a small amount of power available In this case the 
pointer carries contacts, but with a galvanometer movement an auxiliary 
form of power is necessary The galvanometer movement then only 
performs the function of determining which contact shall be closed by the 
auxiliary mechanism One contact is used for closing the mam circuit 
when the temperature falls below the value determined by its position, whilst 
the other contact similarly switches off the current when the temperature 
determined by its position is exceeded The mam circuit is usually operated 
through the medium of a relay 

The Gouy principle can be appbed to the thermoelectric form of instrument 
by adding an oscillatmg voltage to the thermocouple voltage This is produced 
by passing a small current through a resistance periodically varied from 0 to 
10 ohms by the movement of mercury over the resistance The resistance 
and mercury are contained in a U-tube which is oscillated at 9 cycles or so 
per minute For maximum effectiveness the oscillating voltage should only 
be 10 to 20 per cent greater than the dead zone of the contactmg galvanometer 

An example of the type of instrument m which the contact is closed directly 
by the movement of the pointer is shown m Fig 76 The two indexes can be 
set at a distance apart, so that the temperature can fluctuate withm a range 
The contact arms, earned on the two mdexes. are pivoted and controlled by a 
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spring in such a way that the pointer is able to continue its passage across the 
scale, aboie or below the points at which contact is made, and indicate the 
temperature approximately. The spring sen’es to restore the contact arm 
to its onginal position on release. 



A no\ el contact device in one form of Drayton regulator is a small magnet 
attached to the fixed contact, so that when the moving contact comes within 
its field it is attracted and makes firm contact. The circuit is broken with 
snap action, thus minimizing sparkmg. This device naturally introduces 
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or presser-bar depresses one or other of two tables, depending on the temper- 
ature. These tables are linked, by Bowden flexible cables, to the respective 
ends of the pivoted support of a mercury switch. 

The instrument made by Electro Meters, Ltd., employs a somewhat different 
arrangement (illustrated in Fig. 79) of the auxiliary mechanism to translate 
the movements of the pointer into a means of control. The index 1 is set 
to the temperature at which it is desired to maintain the furnace. The pyro- 
meter consists of a milli-voltmeter with a magnet system 2 and indicating 



Foster Instrument Co., Ltd. 

Fig. 78 Operating diagram of " Fiexipush ” controller 

pointer 3. A shaft driven through worm gearing from the motor on the back 
of the indicator rotates a cam 4 which, through the bell-crank lever 5, causes 
a control arm 6 to be raised and depressed periodically. This cam also acts 
as a switch-lifting crank, imparting a reciprocating motion to the connecting- 
rod 7 and pin 8. This pin traverses one of two paths in the slot 9, determined 
by the extreme angular position of the selector arm 10, and throws the switch 
“ On ” or “ Off.” 

Suppose the furnace cold and ready to be started-up. The indicating 
pointer 3 will be below the index 1 . The control arm 6, on its downward stroke. 
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wll be free to fall behind the scale plate 11, lifting the bell-crank lever 5 and, 
through the roller 12, raising the selector arm 10 The pm 8 thus traverses 
the lower path in the slot 9, catches the trigger 13. and lifts the mercury switch 
14 to the “ On ” position The switch itself is held in position by a pawl 15, 
closing the circuit This switch can be arranged in senes with a circuit breaker, 
motor controlled \ahes, dampers, or similar gear, and maintains a supply 



Fig 79 — Electro Meters regulator 


of heat to the furnace until the incbcatmg pointer 3 rises just bejond the control 
index 1 The downward motion of the control arm 6 is now intercepted by the 
indicating pomter 3, with the result that the selector arm 10 is allowed to fall 
back, causing the pm 8 to follow the upper path in the slot 9 The pm catches 
the pawn5 and, releasing the trigger 13, throws the switch ‘Off” Thecucuit 
IS broken and the supply of heat to the furnace is mterrupted until the pomter 
again falls below the control index, when the cycle of operations is repeated 
Regulators of the con* let type with galvanometer indicators can be arranged 
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to control rates of heating or cooling. This can be done by suitable movement 
of the contacts by mechanical means. 

.A.n alternative method is to lea\ e the control contacts stationary and introduce 
an additional electromotive force into the thermocouple circuit. 

The advantage of the latter method is that it may be added to any e.visting 
automatic-control installation ; but its disadiantage is that the readings of the 
control pyrometer are falsified. .■Vn inde\ could, hovever, be arranged to 
indicate the amount of additional e.m f. 

NON-CONTACT TYPES 

The movement of the galvanometer coil is made use of in a number of non- 
contact types of control instrument. The object of the design is to avoid causing 
the galvanometer to perform work or subjecting it to restraint. 

Pointer-thermocouple type 


ToCorrenf 

CfuSCj— 



Fig. 80. — Cambridge Pointer-thermocouple regulator 


A Cambridge pointer-thermocouple instrument is of this class. The manu- 
facture of this instrument is now discontinued, but a description is, nevertheless, 
included because of its intrinsic interest as a method which has been found 
serviceable, and there are instruments of this type still in use. 

The galvanometer mov'ement is illustrated in the diagram, Fig. SO. The 
pointer A’, attached to the piv'oted movdng coil G, carries at its extremity a 
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differential thermocouple T,, Tj, \ihich is oimiected electncalK to a ^\o\^ng 
coil relaj A small electncallj heated cod or “ heater,” H, is mounted on the 
movable arm B, which is set, by means of a handle, to the point on the scale 
at which it IS desired to control the temperature, an index I being provided 
to indicate the setting ^\'hen the required temperature is nearl) reached, 
the thermocouple Ty arrives opposite the heater, and an electromotive 
force IS set up which tends for the moment to throw the relav arm awav 
from the contact which it will eventuall) close As the temperature in the 
furnace (or other heated body being controlled) still increases, the pointer 
N continues to move along the scale until the second thermocouple T, is 
opposite the heater The electromotive force then generated actuates the 
relav, closing an electneal ctremt which operates a mechanism controlling 
the supply of heat Owing to the mass of the furnace, the tempe'ature 
will probably continue to nse, even though the heat supply is reduced, 
and the pointer will continue to move up the scale until it meets a s'op (not 
showm in the diagram) where it remains unul the temperature falls As the 
furnace cools, the pointer N moves down the scale, and when the thermocouple 
Tj comes m front of the heater the electromotive force again generated causes 
the relav to break contact (in case, by any mischance, the contact is sticking), 
and the supply of heat is thus increased The pointer iV is fitted w ith an index, 
so that Its position can be seen on the scale , but it wall be appreciated that if 
the temperature exceeds the required value the pointer wall not indicate it, 
owing to the stop A mirror is usually fitted behind the scale to avoid parallax 
errors The heater can be set and the regulator arranged to control the tempera 
ture, at any point between the upper and lower limits of the scale or the 
regulator can be fitted with a time temperature devace as desenbed later To 
prevent the regulator failing to function owing to an interruption in the supplv 
of current to the heater a safety device is provided whereby the supplv of 
heat to the process being controlled is shut off automaticallv if the heater circuit 
should be broken Alternatively, this device can be adapted to sound an alarm 
bell or to operate a light or other signal 

The energy consumed by the heater arcuit is approximateh two watts, 
and the instrument can be operated from a d c or a c supply bv connectmg 
a suitable resistance or a transformer in the circuit If an electrical supply 
mains is not av ailable, the instrument can be operated from a 4 v olt accumulator 
The regulator can be used in conjunction with a resistance thermometer, 
thermocouple or radiation pyTometer , the ^pe of element selected depending 
upon the application for which the outfit is required When used in conjunction 
with an electneal resistance thermometer the scale of the regulator is caLbrated 
to cover only a few degrees above and below the cntical temperature, thus 
secunng a very open scale 
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Electronic 

In a ^^heelco instrument the galranometer pointer carnes a \en light 
aluimmum lane. Motion of the pointer will carrj the \ane between two 
minute coils which are connected to an oscillating circuit. The motion 
changes the inductance of the coils sufficienth to change the frequencr of the 
oscillator and operate a rela\. 

Adcock has descnbed a method of controlling the rate of heatmg and cooling 
of laboratory resistance furnaces b\ the use of a mo\ing potential duider which 
protides a steadih increasing or decreasing e m f The latter is opposed to the 
e m.f. due to a controlling thermocouple in the furnace and the resulting small 
current deflects a mirror gah anometer which operates a photocell in conjunction 
with a tht ratron and electnc motor to regulate the furnace heating current. 

In the Tinslej Amplifier Controller which is of the proportional-floating 
reset tj pe, the e m f. of a thermocouple is amplified bj’ thermionic means 
and fed to a magnetic moiement that operates an oil ser\o motor which in 
turn controls two other oil seno motors. The operation of the first oil serto 
motor is influenced b\ an elastic reset mechanism and the shaft that is operated 
bj the last of the oil seri o motors alters at least one of the factors w hich influence 
the control talue that operates the whole mechanism which is without a stabil- 
isa*.on point of its own. 

The resetting mechanism which influences the first of the mechanical 
amplifiers alters the amount of energt that has to be supplied b) the electronic 
part of the Controller in relation to the controlled e.m f to keep the link between 
the electncal and mechanical parts of the Controller m balance. 

It IS possible to separate the amplifying parts from the mechanical parts 
of the controller and connect them bj means of a cable and it is further 
possible to put an) necessaiy distance between the detector and the amplifying 
parts of the controller. 

^leihod of operation — The electncal \oltage generated b) the thermocouple 
a IS apnbed to a reflecting gah anometer h (Fig 81) in senes with a standard 
resistance c. Light from a lamp d is reflected b) the gah anometer on to a 
pfotocell e, which in turn controls the magnitude and phase upon the gnd of a 
thermionic vail e/, m such a wav that the grid voltage shifts m proportion to 
the degree of illumination of the photocell The thermionic valve becomes 
conductive when the gnd voltage reaches a certain potential and remains so 
for the rest of the positive half cvcle . thus as the phase of the gnd advances 
the duration of the conductmg penod increases giving a larger effective 
rectified output of the amplification part. Thus, the effective output current 
IS controlled bv the degree of illummation of the photocell and by the deflecUon 
of the galvanometer. 

The current output is fed back through the standard resistance c in such a 
wav that the voltage drop due to it opposes the onginal voltage. Thus when 
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the input e.m.f. rises, causing the galvanometer b to deflect, the voltage drop 
on the standard resistance c rises until the input voltage is balanced. This 
gives proportional amplification independent of the external output circuit. 
Smoothing condensers and inductors are used to convert the unidirectional 
current pulses into a smooth direct current. This output is fed to a magnetic 
solenoid g which operates the first oil servo motor h. The opening and closing 
of the hole i of this servo motor operates the two ser\’o motors k and I by causing 
the oil pressure applied to them to become unbalanced. A reduced oil pressure 
is applied through the inlet 7i via the reducing valve o ; the full oil pressure 
is applied directly to the common chamber p. 

The oil pump and driving motor are shown separately in Fig. 81 for clarity, 
but in fact they are incorporated in the main casing. 

If the operation of the electro-magnetic solenoid causes the solenoid g 
to rise, opening the hole r, the power applied to the top of servo motor k falls 
below the power applied from the bottom plus the effect of the spring supporting 
k and the piston rises opening port q to the full pressure and port r to the reduced 
pressure. These two pressures are applied to the last servo motor I causing 
it to rotate in a clockwise direction and to operate the controlling valve r. At 
the same time the cam t is rotated in the same direction causing the piston u 
to fall under the influence of its spring. Oil is fed into the cylinder v so that 
with the bleed screw re partly closed the piston .v follows the movement of the 
piston u exerting a doiitiward pressure on the first servo motor h through 
spring y. The strength of this spring determines the angle through which 
the servo motor / moves before balance is re-established after a deviation and 
the bleed screw tc will determine the time constant of the reset (300°/second 
to SOO’/hour). 

Thus on a variation in output of the amplification part of the controller, 
the controlling valve immediately actuates to some proportional position to 
correct the deviation in the controlled temperature. The amount of this pro- 
portional correcting is controlled by the strength of the spring. After the initial 
operation a state of affairs is achieved in which the control point is tempor- 
arily shifted (reset) in such a wai' as if the deviation from the correct value was 
already corrected. For the time being the balance is re-established by the 
additional force exerted by spring y ; but, the alteration of the valve position 
begins slowly to have effect and in a similar manner the power exerted by the 
spring y is slowly reduced since oil is passing by the bleed screw re according 
to its setting, which has the effect to make the piston x more and more inde- 
pendent of the position of the valve s and of the piston u. The bleed screw w 
is set according to the time constant of the controlled apparatus. In that way 
the amount of reset exerted by the spring y is diminishing continuously and is 
exactly equal and opposite to the difference between the temperature that is 
actually measured during this period of transition and the final temperature 
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to which the position of the \aheis bnnging the sjstem eventually if it is given 
enough time This balance is kept until the full effect of the new valve position 
IS achiev ed and at that time no resetting force is exerted because the oil passing 
through the leak has equalized pressure on both sides of the piston 

The controller, therefore, takes up a new xaUe position appropriate to the 
deviation in one operation 

The process described here takes account of only one alteration of the 
temperature, for instance, a variation, from 163** to 16o® F by a constant increase 
of the steam temperature that is not altered until the new balanced position 
\s reached In rtaht> the controlled temperature is, of course, subject to manv 
factors that all change continuously 

^\'hen the physical magnitudes are being controlled bj the measurement 
of voltages generated by thermocouples, a cold junction compensation is in 
corporated bj means of a bridge afcuit, one arm of which is a resistance ther- 
mometer Vanations m the ambient temperature cause the bndge to become 
unbalanced and the out of balance e m f is arranged to compensate for changes 
in thermocouple e m Ts 

Reference 

(1) Aococi. / 5ei /nsir |93,> 12 2$^ 
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Potentionietric regulators 


Potentiometer regulators are closely allied to the indicator or recorder contact 
t^'pes of regulators. Instead of a simple galvanometer to measure the e.m.f. 
developed by the thermocouple, the e.m.f. is balanced by means of a potentio- 
meter circuit, a galvanometer indicating an)’ momentar)’ out-of-balance voltage. 



Fig. 82.. — Electrical connections of Stockdale thermostat 


A number of forms of potentiometric regulators are available. These 
instruments are robust and accurate and are used both in the laboratory and 
industrially. They may be used in conjunction with a thermocouple, resistance 
thermometer, or certain radiation pyrometers. Normally they are arranged 
to work upon the potentiometric principle, but when used with electrical- 
resistance thermometers they are connected in some form of Wheatstone bridge. 

Before dealing with the industrial forms of instrument, a laboratory type 
will first be referred to. 

Stockdale' s design of instrument^ is shown diagrammatically in Fig. 82. 
The thermocouple is balanced by a potentiometer circuit, D being the cell, 
A the slide wire, B a fixed resistance, and G the galvanometer to indicate balance 
or out-of-balance conditions. The interesting feature of the instrument is the 
control of temperature by the galvanometer contact. The coil of the galvano- 
meter G carries a double boom M, the two parts of which are insulated from 
each other. The ends of the boom are of platinum and are so bent as to lie 
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closely on either side of a platinum nmmed wheel If If the boom moies 
one or other of the prongs will touch the wheel closing a 4 volt circuit and 
actuating a double relay H Two resistances m parallel are arranged in senes 
with the furnace and the relay is in senes with one of these resistances when 
this resistance is taken out of the circuit by the relay the current to the furnace 
is decreased The wheel II is made to have a cant of 12 degrees and is driven 
by clockwork at a speed of one revolution per minute to make the action more 



Fig 63 — Leeds and NorlliMip pofendometer recorder contro/fcr (original design! 

livel> The prongs are placed so close that the slightest movement makes 
contact Each prong normally toucles the contact wheel for SO seconds and 
therefore the high and low currents are on for the same time when the temper 
ature is correct 

The relay is sometimes troublesome because perfect contact bet\ een the 
wheel and prongs is difhcwk to obtain and consequently the current actuating 
the magnets is intermittent Adjustment has to be made so that the slightest 
impulse sends the arm either one way or the other If the arm moves toofreelj 
however it will rebound off the wheel This difficulty may be largely overcome 
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bj' increasing the moment of inertia of the arm, but a better method, involving 
a little more complication, would be to use a triode-valve relay, and so decrease 
the contact and current necessary to actuate the circuit. 

Industrial potentiometric controllers 

We turn now to the industrial type of potentiometer regulators. An import- 
ant feature of these is the method of mechanically balancing the circuit. As 
an example of the principles of the method employed, the original design 
of the Leeds and Northrup instrument.(Fig. 83) will be described. Subsequent 
modifications in detail have been made, which will be referred to later. 



Fig. 84. — Principle of Leeds and Northrup recording potentiometer (original design) 


The action is as follows : The disc A (Fig. 84) is mounted on a shaft and 
operates the slide-wire contact by a cord wound on a circumference visible 
in the figure. The power is supplied by a small, continuously-ruiming motor 
and enters the mechanical system through the shaft B carrying the large cams 
C and the small cams D and E {E being behind G in the diagram). At each 
revolution of the shaft B, the cams C straighten out the arm F, which perchance 
has been tilted a moment before, and in doing this will rotate the disc A, arm 
F being pressed at this time against the disc A by the spring G. The arm F 
engages in serrations on A w'hich prevent slipping. The arm F is pivoted 
on the spring G, which is fast to the frame of the instrument. When the cams C 
have rotated until their longest radii are passing the extension of the arm F, 
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the cam E begins to raise G, lifting F a^ray from the disc hen F is free 
the cam D raises through K the rocker arm H which, m case the galvanometer 
IS unbalanced catches the pointer under one of the pivoted right angle levers J 
One lever is thus made to siving the arm F by pressing against one of the con 
centrically situated lugs L The rocker arm II is then immediately lowered 
to allott the galvanometer to swing freely Cam E is so shaped and fixed on 
the shaft B that it will recede from the spring G, allowing G to press F against 
the disc just before the cams C begin once more to straighten F 



(«) 


(i) 



Deta of balancing device 
(<tj Here temperature at thermocouple is 
constant therefore circuit is balanced 
and po Qter at centre Pointer is now 
undamped and feelers opes 
(ti) Temperature is still constant Cushion 
clamp gripped pointer Feelers then 
closed on it and fouud it in balanced 
position Clutch stat onary temper 
ature record constant 

(f) Temperature has changed Clamp grips 
pointer and feelers close on it m un 
balanced position Clutch arm is moved 
to position grips disc and cams mote 
s deways and pen to new position 



Fig 85— Leeds and Norlhrup Micromax arrangement 


The disc A motes the contact on the slide wire The shaft B rotates once 
in about 2 seconds which is slow enough to allow the galvanometer time to 
come to rest, or nearly so The design is such that the amount of rotation 
of the arm F increases with the extent of the galvanometer deflection since the 
pointer approaches the fulcrum the levers J as the deflection increases 
The motion of H is adjusted so that the rotauon of F will correspond to a re 
balancing step of the pen of | m (19 nun) when the deflection is a maximum 
decreasing uniformly to about in when the deflection is just sufficient to 
catch the boom under one of the right angle levers This gives sufficient 
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rapidit}' of the various actions to take the pen the width of the scale in somewhat 
less than one minute. The position of the pen, when a balance has been obtained 
just before each record, corresponds to a definite point on the slide-wire, for 
the pen is fixed to the slide-wire contact. Periodically the thermocouple is 
disconnected and the standard cell connection automatically made. At the same 
time the potentiometer slide- wire is set free from its shaft and the clutch engages 
a second resistance. Movements of the disc then result in changing the resis- 
tance of the batterj' circuit, and the current is thus set to its proper value. The 
pen does not follow this adjustment and no record is made of variations in 
the current. A short-circuiting contact on the slide-trire carries the pen to zero 
on the chart when the battery is run down, thus providing ample warning in 
most circumstances. 

In most of the recent designs of potentiometer recorders the “ follow-up ” 
mechanism to move the slide-wire contact is of the scissors pattern. The 
galvanometer needle is clamped b}' a cam-operated bar, and whilst held in this 
position a scissor mechanism closes on it. A clutch is engaged and, being linked 
with the scissors, rotates the main spindle by an amount proportionate to the 
deviation picked up bt' the scissors from the galvanometer needle (see Fig. 85). 

Temperature-control in potentiometric regulators 

The control mechanism used in conjunction with the potentiometer types 
which have been described consists, in general, of a mechanism attached to the 
same shaft as the disc, and in such a way that when it rotates, contacts are 
operated. Cam and disc mechanisms are the two alternatives, and the choice 
beuveen these depends upon the nature of the process to be controlled. Cam- 
operated control is now, however, little used, as with the gradual slope of the cam 
it is not possible to produce the necessary rapid make and break of the contacts, 
the gradual movement resulting in a hesitant make-and-break action. 

Disc-operated mechanism . — With the disc-operated type of mechanism 
(Fig. 86) the inner and outer radial surfaces of a flange are used to hold the contact 
open or closed. “ Raise ” and “ Lower ” contacts are operated by separate 
discs, and contact is made or broken with a “ snap ” action, according to the 
direction of rotation of the main slide-wire spindle. Either two- or three- 
position control is possible. The two-position control (Fig. 86) is of the “ on 
and off ” ty^Je, and in this form the valve or contractor is either in the fully open 
or shut position. An adjustable by-pass is usually provided with this type of 
control on fuel-fired furnaces. Two-position control is suitable for furnaces 
with constant loading conditions. 

In three-position control, additional contacts are provided on the instrument 
and on the motorized valve. Normally the control operates beUveen the inter- 
mediate switches. If, however, changes in loading cause a large rise or fall in 
temperature, the corresponding outer contact is made and the valve is moved to 
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a greater extent in the closing or opeiung direction This form of control is 
particularly suited for furnaces requiring a rapid heat up followed by a 
“ soaking period 

Cambridge non recorder controller — In this (sec Fig 87) the circuit is 
controlled by a mercury m glass tilting swibih A similar arrangement of 
control mechanism is used to that of the original Leeds and Northrup design, 
tvith certain modifications Tlie galvanometer pointer swings horizontally 



below tuo bell crank levers and aboie a clamp ng jaw or chopper bar which 
IS periodically raised thus clamping the pointer against one or other of the 
levers Hinged to the clamping jaw ts a lorg tail rod passing through a guide 
hole This tail piece is deflected to one side or the other by the lower arm of 
one ofthe bell crank levers ifthegalvanometerneedle isnot at zeroin thecentre 
When the clamping bar and tad rod drop the bottom end of the tail rod will 
tilt a mercury switch in one direction or die other depending on the way in 
which the rod has been deflected previously 
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Normal!) the mercur)' switch is proMtled with two positions only, i.e. with 
the contacts cither made or broken If desired, however, a two-way tube 



<111 


Fig. 87. — Cambridge potentiometer controller 

with a common centre contact may be fitted, W’hich will close one circuit when 
the temperature is too low, and close another circuit when it is too high, both 
circuits being open when the temperature is correct. 
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Mercury-tiltmg switches are also used in the Cambridge recording controller 
The action can be described bnefly as foibws The scissors action, already 
described, rotates a disc which has cam-shaped slots cut in it Depending On 
the position of the disc, and therefore of the slots, a mercury switch will be 
tilted one way or the other The pivoted holder of the switch has two small 
1 ertical projections, one at each end, and one of these may be immediately 
beneath either a plain or slotted portion of the disc as it descends after the 
balancing action 



Fig 8S — General plan «( Kent controller and recorder 


Rate of deviation 

In some controllers, account is taken not onlv of the actual dewation from 
the required temperature, but also the rate of deviation A relatnely large 
adjustment is made when the deviation and rate of deviation are of the same 
sign, a very much reduced adjustment, no adjustment at all, or even an 
adjustment in the opposite sense being made when the deviation and the rate 
of deviation are of opposite signs, as they are when the terap“rature is returning 
to the required value after a deviatioQ 

The instrument designed with this purpose in view by Hodgson and made 
by Messrs George Kent is illustrated m Figs 88-90 A thermocouple is con- 
nected to a moving coil galvanometer m the instrument The deviation and 
rate of deviation from the de«ired temperature are measured at intervals of 
20 seconds by a mechanism driven a constant-speed motor This mechanism 
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is sho'nn in plan in Fig. SS. The galvanometer needle, not shown in the figure, is 
situated between the top of a drum and a metal disc extending slightly bevond 
them, and is firmly clamped between these parts each time the mechanism 
operates. The normal position of the pointer coincides with the vertical centre- 
line in Fig. S3, but if anj' change of temperature has occurred, it will move to 
one side or the other when released. The two bell-crank levers shown are 
rotated by the mechanism so that their lower ends close together on to the end of 
the galvanometer needle, which is bj" then clamped, and if any deflection has 
taken place while the needle was free, the drum will be rotated bv the pressure 
exened on the end of the galvanometer needle. Attached to the drum and 
rotating with it is a potentiometer slide wire, which moves against a fixed contact, 
the motion (produced as already explained) continuing in steps until the balance 
has been restored, when the galvanometer needle will remain in the central 
position. The total movement of the drum is, therefore, proportional to the 
change in temperature. The drum is also fitted with a cam of the form shown 
in Fig. 33, and a roller arm bearing on this cam controls the opening and closing 
of two contacts which, in turn, control the flow of current to two solenoids. 
The latter open or close a throttle valve in the fuel-supply pipe to the plant, by 
mechanism which will be referred to later. The position of the valve is thus 
dependent on the temperature-denation from the normal. 

The same solenoids are also controlled by two other contacts, the opening 
and closing of which is dependent on the rate at which a temperature-denation 
takes place. These contacts are carried on the ends of the bell-crank levers 
which close on to the end of the galvanometer needle, as already explained 
(Fig. 8S). It will be erident that which of these contacts is closed trill depend 
upon the direction in which the galvanometer needle has been deflected, i.e. 
upon whether the temperature is rising or falling ; and the length of time for 
which either of the contacts is closed will depend upon the extent of the 
deflection, i.e. upon whether the change in either direction is taking place 
rapidlv or slowiv. It mav here be mentioned that although the electrical circuits 
are made by the contacts referred to, they are often broken by mercury switches, 
so that damage to the contacts by sparking is avoided. 

One of the two solenoids is show n overleaf in Fig. 39 and both can be seen 
in Fie. 90. .As will be clear from the former, the plunger of each solenoid is 
connected to a pivoted frame in which is mounted a spindle, fitted with a worm 
wheel near its upper end. AVhen one of the solenoids is energized, its frame is 
pulled over so that the worm wheel engages with a worm on a horizontal shaft, 
which is driven continuously at a high speed by a small electric motor. The 
engagement takes place positively and instantaneously without any shock. AATien 
one or other of the worm wheels is engaged, the control valve is opened or closed 
by a train of gears, crank arms and links, as %rill be clear from Figs. 88 to 90. 
-A differential gear is included, so that if both worm wheels are engaged 
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extent and when it is fully shut Push-button control, which o%erndes the 
automatic control, is also provided 

To minimize “ hunting ” the Deoscillator of the Foxboro’ Company 
imparts into the thermocouple circuit an additional electromotive force (m cither 
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the positive or negative direction as may be required), so as to deflect the 
galvanometer of the control pyrometer slightly beyond the position it would 
register in relation to the actual thermocouple temperature at the moment. 



The same cam discs and control setting scale are used as for “on-oS" control, 
but an mtemipter mechanism is added which breaks the control signal for part of its 
duration This can be adjusted to vary the proportion of make and break 

This type of control is best suited to continuous plants where loads are fairly 
constant, or load changes gradual The heating capacity should be ample to insure 
quick response to changes in vaKe position 

The control valves are “ floated to the position required to give the correct fuel 
rate for constant temperature m the plant The valve mo\ es m fixed steps, and may 
be adjusted manually to suit conditions The primary control contacts have an 
adjustable zone or differential so that the \al\e will remain stationary when the fuel 
rate is correct 


The temperature indication is therefore distorted at the moments when the 
anticipating action is taking place. The anticipator}’^ action is adjustable, that is, 
the temperature below or above the desired control temperature at \\hich the 
heat input is decreased or increased, respectively, can be chosen. 
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A.n interesting contact type of two position proportional controller has 
been described bj Abbott* The amngenient consists of tiro contact mabing 
gali-anometers m conjunction tnih Post Office type relate to fonn an osallatmg 
sjstem 

The instrument differs from the comcntional two position controDer in its 
abihti to switch on and off without changes of temperature talong place and 
m being capable of proportioning the ‘on’ to ‘off’ tim“ in relation to theposinon 
of the controlled temperature within a definite zone. 

It Is useful for control of electncallv heated apparatus on applications 
where there is considerable thermal inertia and delayed response at the thermo- 
couple to changes of heat input, that is, where proportional control is needed but 
where the hcatmg medium is not readils amenable to throttling 

The instrument mat be considered as hanng two distinct diyis!on» In one 
there is an oscillating system comprising two «ensitiye, contact maling gali-ano- 
meters connected to relais as shown in Fig 9"* The other dmsion consisu of a 
comcntional potentiometer bridge and thermocouple 

The not el feature of the device is the osallating system and Fig «hows 
the essential units of this svstem The galyanometers hare a high degree of 
sensitiMtv vet are capable of earning extremelv high momentarr overloads 
owing to their hating high inertia and being heanlv damped Galvanometer 
contacts /, and /, are arranged to co-operate with coniart pieces g, and g, and. 
are set in a position ei^ualh to obstruct and G» from assuming their nortnsl 
rest positions 

It will be seen that, depending upon whether Ft is energized or not, either 
'at Of closed but both cannot be cloaed simultaneoush ^^'hen rj. u 

closed the full potential of 5, ex««i» at /, g, if they happen to be veparated. 

In the same wav when is cloved, the potential of B^ exists at if they 
are apart. The energizing current for /?, must pass through g, f, and the 
energizing current for f?, must p3&> through Part of the relay energmng 

current passing through the galvanometer contacts goes through one galvano- 
meter coil and part goes through the other Part aL>o go<s> bj wav of Tj 
through thearcuit whosee m f is being measured Current through the galvano- 
meter coils tends to rotate both in the same directioi the aenre moving 
contact bemg brought more firmly mto engagemert with its corresponding 
fwed contact and the inacOye one bang displaced from its fixed contact. 

^\lth the arrangement as shown m Fig ‘'d with Fj F. open the system 
will funcGoa as an osallator and its action under these condmons is as follows 
If the batten connexion at 5, be removed, both galvanom-^ter pointers will 
come to rest against their respective fixed contacts They are both shown 
displaced an equal airount (0 25 mV ) above their normal rest position at rero 
^^Ith the connexion restored at Bg, a circuit is completed through Rf, ff. 
coils G, and Gj m parallel to The passage of current through G, secures 
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positi%*e contact and that through Gj deflects from /j. The energization 

of i?2 closes contacts r, and so energizes R^, which in turn opens contacts 
and closes contacts It also closes contacts which continue to supply 
J?- after has opened. This happens practicall3' instantaneously, the time, 
that Gj and G™ are energized from jB,, B3 being less than OTO sec. The speed 
of this action in relation to the inertia and damping of the galvanometers limits 
the travel of to a relati\-ely small distance. 

The closing of makes contacts /j, g^ ‘alive’ and the opening of r., makes 


Ri rx* 



/j, g,. ‘dead’, g^ will return from its position of displacement to /,, the time 
taken being governed by the e.xtent of the displacement and the damping of the 
movement. Upon its return to fy it will complete a circuit from through 
Rv gi^ Gy and G* in parallel, to 5 ,. gy nill be brought into firm contact 

■with fy and g, will be displaced from/,. Ry will be energized and nill open Ty 
which will break the circuit to R^, thus opening contacts rji and Tj, and closing 
contacts g„ will travel from its position of displacement towards /, and. 
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Under the conditions as shonn that is %nth the stationary contacts equally 
obstructing both gahanoroeler coils from assuming their normal rest positions, 
the time each moving contact takes to return mil be the same and the time in 
which IS energized wiU be equal to the tune it is de energized If, ho\\t%er, 
the moving contacts arc not equally obstructed from their norma! position of 
rest, the time taken to return wiH not be the same for each coii and the period in 
which /?3 IS energized will not be equal to the period it is de-energized A 
definite relationship will exist between the difference in obstruction and the 
ratio of time is ‘off‘ compared lo time ‘on’ 'With no applied e m f at Tj, T^, 
the relationship between the fixed contacts and the normal rest position of the 
galvanometer coils can be attered only by adjustment of the fixed contacts or the 
zero position of the galianometers 

EJfect of applied emf When, however an emf is applied at T^ the 
normal rest position of both galvanometers will depend on the value and polarity 
of the voltage, and in consequence there will be a fixed proportionalitj of time 
‘on’ to time off of relay for every voltage value within the limits set bj the 
adjustment of /j and /, 

So far the means for varjing the proportionalitj of 'on’ to 'off and not the 
frequency hav e been considered This is determined by the extent to which 
both galvanometer coils are obstructed from their zero positions bj the fixed 
contacts If they are not obstructed there obviously will be no oscillation 
If set only slightly above zero the frequency will be verv low and will increase 
as the obstruction is make higher up the scale 

\Vhilst Fig 92 represents the basic circuit of the oscillator, m practice the 
sensitivity of the device is increased and the extent of the instantaneous galvano 
meter displacement limited by the use of resistances in senes with each 
galvanometer, these resistances being alternatively short circuited as /Jj is 
energized and de-energized 

The relay action which makes one galvanometer or the other dominant at a 
given instant, also ensures that the ‘active’ galvanometer has a low resistance 
in Its circuit and that the ‘resting’ galvanometer is in senes with a relatively 
high resistance These resistances are shown as r, and r# in Fig 93, which 
shows the oscillating system connected to a potentiometer bndge and thermo 
couple, contcollmg furnace F by meat» of heater H R% is used to energize 
through contacts fjj R^ controls normally open heater contacts r 43 in senes 
with the heating element, normally open contacts r^^ across resistance r, and 
normally closed contacts across resistance r® 

Positive action at closure of the contacts is assured by the heavy momentary 
current through the coil As this current is broken elsewhere in the circuit, 
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The Pyromaster^ of the BristoPs Instrument Co. is a potentiometer pyrometer 
with no mo^'ing parts in the balancing mechanism except when a change in 
temperature takes place. 


^1 ^12 



The instrument can be coupled to a pneumatic control system and can act 
as a proportional control with or without re-set devices. 

The basic arrangement is that the e.m.f. of the thermocouple is automatically 
balanced by suitably changing the position of a slide-wire contact b} means of a 

155 



THERMOSTATS 


re\ ersible motor The shde wire js part of a bndge circuit and the gah anometer 
has contact pieces \ery closelj on each side of the needle which can deflect 
about one thousandth of an inch Out of balance of the circuit causes the needle 
to touch one of these contacts and the cunut is such that an additional current 
IS caused to flou through the gabanometer circuit to force the needle against 
the contact piece sufficicntlj to allow enough current to flow to actuate a relay 
This relat opens one of the two motor circuits allowing the motor to run in a 
particular direction the motor remaining stationery when both its power 
circuits are closed Simultaneously when the relay is actuated a second relay 
circuit 18 broken which causes the first relay to be de energized and close the 
motor circuit to stop it Each lime the first relay is energized the motor 
circuit IS opened and a moiemenl of the slide wire contact is made This 
alternate energizing and de energizing continues until the slide wire contact 
reaches the position of balance and the gabanometer pointer is midway between 
the two contact pieces and the mechanism is dormant 

The Pjromasler can form part of a controller of the pneumatic or the electrical 
tjpe 

PneumaUe type of controller W ith the pneumatic tvpe the pen arm w attached 
to a shaped ^ane moMng between opposing nozzles of the type of instrument 
shown in Fig 44 (Bnstol free vane) TTus system permits the combination of 
the potentiometnc measuring principle with pneumatic control so as to take 
advantage of the flexibility with the benefits of proportional and floating control 
Electrical tyfie of controller The Pyromaster may be used in connexion with 
electncally operated control apparatus Operation is accomplished through an 
external relay operating in conjunction with the internal balancing relays 
The principle of operation is shown m Fig 94 

The Pyromaster recording pen arm mechanism which is linked to the 
actuating controller contacts having a common contact C with a low contact L 
and a high contact H in circuit with the cvternal power relay coils 1/ and N 
and relay contacts in circuit with the Pyromaster internal relay contacts D and 
E The internal relay circuit F and G are each provided with an additional 
pair of contacts D and E 

In the low off controller the high contact H and the power relay circuit 
A shownmdottedhnes ace not utilized Onafall in temperature therecording 
pen arm through relay F in balancing the potentiometer circuit is moved 
downwards The common control arm C is moved by the connecting link 
towards the low contact Similarly on a nse in temperature the Pyromaster 
relay G moves the contact arm C away from the low contact arm £ On each 
movement of the pen arm by the I^romastcr relays For G the contacts D or E 
close The intermittent operation of these relays being such that contact C is 
mov ed m a senes of small steps towards or away from contact L 

Current is supplied to the contact arms C and L only when the pen arm is 
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mo^Tng and the potentiometer circuit is out of balance, and, no matter how 
close together C or L may be, no current flows through them when the bridge 
circuit is in balance and the relay coils F and G are dormant unth contacts D 
and E open. Thus the possibilitt' of arcing at contacts C and L is eliminated. 
^Vhen the common contact C closes with the low contact L, on an operation of 
the relay F, a circuit is established through the power relay coil M which is 
energized, closing contacts K and J and shunting contacts D on the rela)' F. 
Relay coil M tuill remain energized as long as contacts C and L are closed 
and will hold in, through the lower contacts, the furnace or other contactor gear 
under control. Immediately contacts L and C break on a rise in temperature, 
the relay coil M becomes de-energized and the interlock contacts K and J 
open, breaking the power circuit which is being controlled. 



UNITACT CONTROL PANEL OR 
EXTERNAL RELAY 

Fig. 94. — Typical Pyromasfer Unilact relay 


The above explanation refers to a circuit using a relay M to give “ Low-Off ” 
control. Similar operation can be obtained with relay jV to give “ Low-Off- 
High ” control. 

Electronic control 

Two electronic methods may be cited as examples of the use of this system 
in conjunction with potentiometers. 

In the one case the unbalanced thermocouple current is converted to alter- 
nating current and amplified sufficiently to operate a reversible motor in one 
direction or the other to move a slide wire until the thermocouple e.m.f. is 
balanced again (Fig. 95). This balancing motor is geared to the slider on a 
slide wire, moving it until the voltage V is exact!}’ equal to the thermocouple 
voltage. 
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The converter is a metal reed, uhichis made to mote up and down 50 times 
per second, being driven by a 50-cycle coil E. Suppose this reed is held upward 
so that It closes the circuit to contact 1 Now if the thermocouple produces 
a greater voltage (than battery B produces at V), this thermocouple voltage 
forces electrons to flow from 5 through IB and slider 4, to contact I, down 
through the upper half of T to mid-point 3, back to the thermocouple However, 
if the slider 4 is moved to the nght until voltage V becomes exactly equal to the 
thermocouple voltage, (notice that these two voltages oppose each other,) so 
that no \oItage remains in the converter circuit , no current flows in T If 
slider 4 is rooted still farther to the right, voltage V now forces electrons to flow 
up through the thermocouple to mid-point 3, up through T to contact 1, back 
to 4 The electrons flow from 4 up into contact I when V is less than the 
thermocouple voltage 



Fig 93 —Thermocouple voltage converter, amplilitr, and control motor 


The metal reed of the converter touches upper contact 1 during each positive 
half cycle of the a c power supply To understand why the reed moves upward, 
note that the permanent magnet has a North upper pole , during the up half 
cycle, current flows in coil E m that direction which magnetizes the reed so 
that Its right-hand end is a South pole, which is therefore attracted upward 
A half cycle later, current has reversed in cod E, and now produces a North 
pole at the right-hand end of the reed , the reed is pulled down by the South 
or lower pole of the permanent magnet 

When the reed touches lower contact 2, the electrons (which had been 
flowing up into contact 1) flow now into omtact 2, upward through trans- 
former T to midtap 3 Notice that as long as F is less than the thermocouple 
voltage the electrons flow through T always toward the midtap and alternately 
through the upper and lower halves of the pnmary winding of T 
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Meanwhile the secondan.- of T produces an 4 (towards 

the amplifier. This inak« the motor run, and moves the sUcle ^ i 

rieht), this inweases voltage V until it equals thermocoup }{ to 

’ ^ o* T <;o there is no \oixagc <x«. 

these voltages balance no voltage remains ai , motor movement 

turn the motor, .^though the reed still vibrates there ts no motor 

while r is in balance with thermocouple voltage Pj-g^ter than thermocouple 
Men slider is, say, too far to the nght, so that IS gr ^ 
voltage electrons flow away from midtap o 

contacts 1 and 2 toward slide wire. . j g^ion tvpe, one winding 

The electric motor can be of the two win m^ m^^ amplifier circuit. (The 
is connected to the A.C. supply and the ot er ^“^^^^^mrols electronically.) 

P'osition of the slide wire is used to actuate the temp^^^^^^^^^ entire system 

amplification gain is quite high in t couple circuit ; for example 

must be shielded to prevent stray pick-up m radiation from the 

the thermocouple circuit can act as an jj,e input-circuit resistance 

neighbourhood of power circuits, especi > 'f gj^^nting the input circuit 
13 high. Most of the pick-up can be * j^grrument. .\n other tv-pe of 

TOh a few- hundred-microfarad at the furnace and the instru- 

error can develop if the thermocouple ^ ^nown that there can be 

tnent itself is earthed say at the pane ' , ^ points of earth, and the 

Quite substantial differences in the poten a mstrument as a result of this 
current that flows from the therroocoup e gmitted through the amplifier 

potential difference may be converted an ^^g jjot observed. Since 

lo cause serious errors of recording it is not always easy to isolate 

furnace gases are conducting at high 

the thermocouple from the furnace e ec ' trol is with the aid of a photo 
The other method of using electromc control 

ele«ric cell. H'l) to the use of the photoelecmc 

Reference has already been ma ° r „ galvanometer in the Geop }sica 

cell in conjunction with the moveme instruments using this pnncip e 

laboratorv- type of instrument. In , jg^ of balancing a potentiometer 

are now available. Whilst in nhotoelectric system is simple, in practice 

ot Wheatstone bridge with the aid o a p ^ ^ precision, 

Ae problem of doing so, without a tendenev 

is Complex.'* rietects the condition of balance o a 

In the usual way a galvanomete d light from the 

MTieatstone bridge or P°«";“Ttontrollmg edge” of a screen in front o a 
galvanometer mirror passes t e . joelectric current (see Chap, lo) opera m 
photoelectric tube. The before the motor drives the slide 

relavs which control a reversi e . correct direction to re-esta s 

svire contact of the bridge or potentiometer 

balance. 159 



The exact %alue of the photoelectnc current is not important, the photoelectric 
tube merely acting as a control dement to energize relays 

Hunting or osallation is nuninuzed by introduang a time lag in the 
amplifier input 

By reciprocating the “ controlling edge” bctueen the galvanometer mirror 
and the photoelectric tube, throttling control of the heating may be obtained 
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CHAPTER 15 


Temperature-control using radiant energy 


The total energj radiated from an incandescent soLd ^anes as the fourth 
poner of the absolute temperature. If onl\ the radiation which falls within the 
\asible spectrum is considered, however, it is found to varv' approximate^ as the 
fifteenth power of the temperature (for temperatures in the neighbourhood of 
1500 C) From the point of view of sensitivm, therefore, radiation of energy 
IS a very satisfactory cntenon of temperature, since a slight change in temper- 
ature produces a relativ ely large change in energy radiated. It wall be readily 
appreciated that this form of energy should prov ide a v ery useful and 
comparativ ely accurate means of control at temperatures abov e 600° C 

Total-radiation pyrometers of the type which develop an electromotive 
force on exposure to the radiations from a heated body can be used vv ith many 
of the types of regulators described in other chapters. In fact, they may be used 
with most forms of regulator with which a thermocouple pyrometer may be 
used, prov iding the temperature exceeds 600° C Attention wall not, therefore, 
be devoted here to this type, but consideration wall be given to another form of 
radiation-sensitiv e element. 

Photoelectric control in conjunction with electronic 
devices 

A phototube may be used as the sensitiv e element to respond to changes 
in light radiations as a result of temperature changes in the sighted object 

The phototube consists of a two-element tube having a cathode and anode 
but no filament or heated cathode. The cathode is usually a half cylinder of 
metal whose inner surface, when receivmg light, is able to emit electrons 
The energy of light rays striking a surface consisting of potassium or caesium 
oxide deposited on copper or silver, releases electrons from the metal .A.n 
increase in light reaching the inner surface causes an increase in the flow of 
current or electrons through the tube The current flows only' when the anode 
IS more positive than the cathode 

The current change m the tube is so small when temperature changes are 
small that its effect is lost unless the entire electneal circuit responding to this 
charge is kept at steady voltages throughout For convenience most electromc 
equipments operate from the alternating-current supply'. Within these equip- 
ments, most of the tube circuits use direct current to give best results. 
Therefore the first part of the circuit is a rectifier The resulting d c supply 
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must be carefully protected from changes caused by disturbances other than 
from the phototube So that nhile the basic circuit is simple, manj parts are 
added to “ brace ” the circuit against unwanted signals 
Baste Circuit A simplified circuit is shown in Fig 96 
A rectifying circuit within the dotted rectangle at the left of the figure 
supplies a steady voltage between points 4 and 2 The phototube Pi and resistor 
IR are connected across this steady voltage and act as a \ oltage dmder, a middle 
connection 8 is at the control gnd of the valve 3 When the phototube Pi is 
sighted on a cool object, so htlJe current flows through the phototube and ~R 
that the potential at the gnd 8 is nearly as low as point 2 , by adjustment of 
the slider 4R, the cathode potential of the valve 3 is made much higher than the 
gnd 8, so that the vahe 3 
passes no current Therefore, 
no current flows through the 
milliammeterilM or resistor 6i? 
With no voluge drop across 6i?, 
point 7 IS at the high (positive) 
potential of point 4 B\ moving 
the slider of 2R downward, the 
gnd of thjratron 5 is made 
more negative than point 7 
(cathode) unul valve 5 does 
not " fire ” or pass current , 
relay CR is not picked up, or 
energized 

If may be explained here 
that a thyratron is a vapour 
filled valve controlled by a gnd When the gnd potential nses to some cntical 
value the thyratron passes current, with a snap action, to the full value its 
external load circuit will pernut 

When the temperature of the object sighted on nses, the radiation to phototube 
4 causes it to pass more current, which must also flow through 7R, then grid 
potential at 8 rises and turns on or increases the current flow of vahe 3 The 
current flows from negative point 2, through iR to point 6, from cathode to 
anode of valve 3, and through and 6 /? to positive point 4 This current 
causes a voltage drop across 6R, so that the potential at point 7 decreases, 
lowering the cathode voltage of thyratron 5 until its gnd (held constant at 
point 5 on 2R) is able to ■“ fire ” the thyratron The anode voltage of v ah e 5 is 
supplied by a transformer 2r, so that -ralve 5 operates on alternating current, 
alAough its grid voltage is obtained from the dc system (between points 5 
and 7) 

The reason for using a c anode voltage is that with d c voltage once the 
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th}Tatron is fired it cannot be reset or turned off tnthout opening the anode 
circuit. ith a.c. voltage, during a half cycle, the negative anode voltage is 
more negative than the cathode so that the current is momentarily stopped as 
effectively as if the anode were disconnected. Therefore when operating on a 
50-cycle a.c. power supply the grid is given 50 chances each second to permit 
or prevent current flowing in the thyratron. If the anode voltage returns 
before the gas is de-ionized the thjTatron immediately fires. 

To return to a consideration of the basic circuit, the anode current through 
thyratron 5 increases suddenlj% picking up relay CR when the voltage between 
cathode 7 and grid 5 has decreased to just the right amount to “ fire ” 
valve 5. 

To calibrate and operate the apparatus, an optical or other suitable pjTO- 
meter is used to show the actual temperature of the hot object. 2R and 41? 
are then set so that the thjTatron.5 does not fire when the object is at the correct 
temperature. The milliammeter MA may be marked to show the temperatures 
corresponding to different amounts of current through the valve 3 and helps 
in adjusting 4i?. 

When the object gets too hot, the increased light radiation reaching phototube 
4 causes the thyratron 5 to fire, picking up CR to close the relay circuit to give 
the alarm or adjust the control circuit 

Complete pyrometer circuit 

Fig. 97 shows how the various units are connected together. 

The left-hand side shows that the d.c. supply is provided by a rectifjdng 
valve 1 and its filter of the' pi type. This filter circuit removes the a.c. ripple 
or “ hum ” by making the v'alve current pass through a reactor X consisting 
of wire wound on an iron core, so that it has a large amount of inductance. 
This inductance tries to maintain a stead}' current through its winding by 
storing energy during moments when the current increases and then 
discharging this energy to help a decreasing current. A resistor may be used 
instead of X. Similarly, capacitors 2C and 3C help to smooth the voltage across 
the load by charging or storing energy during high voltage parts of a wave and 
then discharging this energ}' into X or into the load, during low-voltage periods. 

The resulting d.c. voltage, between points 3 and 2, may still be disturbed 
by changes in the a.c. supply voltage, so a voltage-regulator valve 2 and its 
buffer resistor li? is added to produce a more constant voltage bettveen points 

4 and 2. 

By the addition of 3R and 5R in the voltage diwder the voltages at sliders 

5 and 6 are held within desirable limits, so that 2R and 4i? provide easy 
adjustment. 

Valve 3 is a pentode whose screen is connected to a positive point 4 and 
its suppressor is connected to its own cathode. This type of valve gives an 
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output of current through 6R that is not affected by changes of anode voltage 
at point 7. 

To present any change mac filament current disturbing the anode current 
of valte 3 a ballast deticc holds constant the current m its own circuit In this 
ballast the current flou-s in a filamoit of iron, thus heating it Within its 
operating range, any increase of load current raises the temperature of part of 
this filament and increases the resistance of the filament After a short time lag, 
this increased resistance bnnga back the current to its pres lous value Thus 
the current to the \al\e filament is kept constant 





EUtUcaa $m InJmb, Oiuw (McCnw HI!) 


Capacitor 5C steadies the voltage across and prevents thyratron 5 from 
being fired by any momentary increase m salve 3 current 

Near the thyratron 5, resistor lOf? limits the amount of gnd current to it 
The grid circuit of the thyratron valve contains the secondary winding of a 
transformer 2T between points 7 and 10 and a “ npple ” a c voltage helps to 
fire the thyratron dunng the first portion of the half cvcle of anode voltage, or 
prevents it from firing at all This is a circuit refinement and is intended to 
ensure that full voltage is applied to energize the relay thus providmg a more 
positive pick up 


164 



CHAPTER 16 


Electrical-induction regulators 

O 


Induction regulators can be arranged to maintain either a constant current or 
a constant energy- supply to the furnace. 

In principle the Induction Regulator is a transformer built on the lines of an 
induction motor, and having the important characteristic that, although normally 
stationary whilst working, the relative positions of the secondary and primary 
windings can be altered b)' moving the rotor. This gives to the induction 
regulator characteristics very similar to those of a transformer having a variable 
ratio of turns, and since the method of adjustment, namely, turning the rotor, 
is perfectly smooth and continuous, the regulator has a regulation equivalent 
to that of a transformer having an infinite number of tappings over the working 
range. The supply is carried to the primary' winding, while the secondary 
windings are connected in series with the circuit of which the voltage is to be 
regulated. The primary' winding may be mounted on either the stator or the 
rotor, depending on the output and voltage, the secondary being mounted on 
the opposite part. As the feeder voltage rises or falls beyond set limits, the 
voltage-regulating relay closes contacts which energize one or other of a pair 
of contactors. These in turn control the direction of rotation of a motor 
and cause it to drive the rotor spindle of the regulator through spur and worm 
gear, which raises or lowers the feeder voltage as may be required. Directly 
normal voltage is restored, the action of the voltage-regulating relay causes the 
motor to stop. In some circumstances, induction time-delay relays are used 
to energize the motor-control contactors after a suitable time-interval, in order 
to avoid response of the induction regulator gear to variations in the voltage 
that are merely momentary. 

These regulators are suitable for industrial resistance furnaces and for 
furnaces of the submerged arc type where the electrodes are stationary. 

Fixed-Induction Furnaces . — ^An ingenious stationary or fixed form of 
automatically regulated induction furnace has been described by Perrin and 
Sorrel ^ This furnace is suitable for use only where the number of heat-treating 
temperatures required is limited, as it is necessary to use a separate furnace for 
each temperature. This is not inconvenient in cases where large quantities of 
steel articles have to be heat-treated at the same temperature. An advantage of 
this type of thermostat is that no pyrometer is needed. The principle of the 
furnace is very simple. A muffle or tube A (Fig. 98), made of a metal selected 
according to the temperature required, is surrounded by a non-magnetic 
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conducting matenal B The latter is made the secondary of a transformer fed 
by alternating current from the power mains The current generated in the 
secondary depends, tnter aha, on the specific induction of the furnace tube 
This current heats up the secondary, and therefore the tube until the latter 
reaches the temperature at which it loses its magnetism, when its speafic 
induction falls, and therefore the coupling between the primary and secondary 
of the transformer also falls rapidly and the less heat is generated m the 
secondary So long as the total heat generated in the secondary — when the 
tube IS non magnetic — is insufficient to keqj the furnace temperature above 
the magnetic change point, the tube will not nse above this temperature 



Fig 9S — Induction furnace wilb automatic temperature-control 

It IS necessary to make the furnace tube of a matenaP which has a quickly 
reversible change of magnetic property at the working temperature Matenals 
that have been used are the alloys of cobalt, such as ferro cobalt which when 
suitably selected can be used for temperatures of from 750° to 1100° C Below 
750° C, fetro nickel and ferro mckel-cobaU may be used The secondary can 
be made of mckel for temperatures above 350° C whilst nickel chrome, copper, 
aluminium or its alloys can be used for other suitable temperatures 

Naturally the closeness of control will not be so accurate as with some other 
forms of regulators but the absence ed auxiliary mectiamsm is a great advantage 
The closeness of control will be governed to some extent by the efficiency of 
thermal insulation, and the size of the furnace 
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CHAPTER 17 


Low-temperature control 


CRYOSTATS 

The apparatus used to maintain constant temperatures below 0° C are termed 
crA'ostats,” and can be divided into five general classes, some of which are 
automatic in action. They are as follows — 

(1) Those employing boiling liquids. This type was largely developed by 
Onnes at Leiden. Control to i 0-01° for periods of an hour or so can be effected 
by regulation of the pressure on a liquefied gas. Any of the follonang gases are 
suitable : methyl chloride, nitrous oxide, ethylene, methane, oxygen, nitrogen, 
hydrogen and helium. This method is somewhat expensive. 

(2) Those involving addition of liquid air to the cryostat bath by hand. 

(3) Those in which the flow of heat into a large metal block is regulated, 
the lower end of the block being intermittently dipped into liquid air. This 
method is satisfactory if care is taken to place the thermometer and experimental 
apparatus at identical heat-gradients. 

(4) Those in which the flow of heat into the cryostat is regulated by means of 
a partially-evacuated Dewar flask, which is inside a larger surrounding Dewar 
flask containing liquid air. This type of cryostat may be made automatic. 

(5) The automatic cryostat proper. 

In this chapter, consideration will be devoted to the automatic type only. 

Principles of low-temperature control 

Automatic low-temperature control involves the use of a means of producing 
low temperature, a suitable liquid as a bath fluid, and a thermostat. The 
thermostats employed here are the same in principle as those in use for 
temperatures above zero, and have been described in earlier chapters. No 
detailed description is therefore necessary, except where a special feature is 
involved. Brief reference only will be made to the means of producing low 
temperatures and the bath liquids used, as these do not properly come within 
the scope of this book. References, however, will be found at the end of the 
chapter to some of the more important published works on the subject. The 
list is not intended to be exhaustive. 

A simple method of low-temperature control is to immerse the objects to 
be treated in a cooled bath of some liquid whose physical properties, such as 
fluidity, boiling-point and freezing-point, are suited to the working temperature. 
Regulation can then be effected in one of two ways : either (1) by controlling 
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the flow of the refngerant, or (2) by setting the flo« of the rcfngerant for a 
slight excess cooling, and arranging a thermo regulator of some form to control 
electrical heating in order to compensate automatical!) for this excess cooling 
The latter method is particularlv suitable on account of the ease of control of 
electrical heating 


Baths 


Fairlj complete lists of bath hquids suitable for use in the low temperature 
range are giien m the puhlicaiions of the Leiden Cr^ogemc Laboratorx, and in 
the Bureau of Standards paper 520 > but the following hquids max be cited as 
being in common use — ' 


laraffin oil 
Petroleum ether 
Acetone 
Eth}l alcohol 
Toluol 
Isopentane 
Propane 
Propjleoe 


Temperature range (’Cl 

- to to -I’l) 

-4(1 - 7o 

-no - 40 

- 94 - 50 

-114 - 78 

- 9> -no 

-160 - ’8 

190 - 4a 

-190 - 48 


An objection to the use of brute is its corrosue action on metal containers 
Ethjl alcohol becomes lery itscous before it freeaes Propane has to be k/ept 
at a temperature below — -lO® C, or stored under pressure 


Cooling 

The expansion through valves and cooling coils of ammonia, carbon 
dioxide or other suitable substances, ma) be used to cool the liquid Solid 
carbon dioxide may also be used as a cooling medium A carbon dioxide slush 
bath, consisting of solid carbon dioxide with a suitable liquid such as petrol, 
alcohol or ether, affords a means of attaining temperatures down to about 
—78 5° C at atmospheric pressure 

For temperatures as low as —ISO” C, cximpressed air ma} be used as a 
refrigerant Liquid air may be utilized by emp o)mg either the liquid or 
superheated or saturated vapour as a bath, or again by using the vapour or 
liquid to prov ide cooling for a thermostat bath The liquid air should be aged, 
thatis, allowed to remaininthecontamerforabout2dajs since the freshK made 
liquid tends to give unexpected fluctuations in the temperature of the bath 
Due to progressive concentration of oxjgen in liquid air residues, extreme 
care should be taken to prevent the mixing of these residues with ao} 
inflammable substance Electric motors should be so placed as not to provide a 
source of ignition for inflammable vapours If liquid air is used for cooling the 
bath liquid can previously be well cooled vnth a freezing nuxture of ice and 
salt m order to sav e consumption of the bquid air 
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A somewhat unusual method of cooling has been used by Lundstrom and 
Whittaker.* Attached to the wall of the bath, which is made of copper, is a 
copper rod which is immersed in liquid ammonia or ice, depending on the 
temperature required. The bath is then cooled by the conduction of heat away 
by the copper rod. A cooling coil in the bath is therefore unnecessary in this 
case. 

Insulation of the bath 

As the production of' cold is generally a somewhat difficult and expensive 
process, the insulation of the bath from undesirable access of heat is especially 
important. 

The tendency for atmospheric moisture to 
condense on the bath and its accessories must also 
be guarded against by suitable insulation. 

In the choice of insulators, consideration has 
to be given to suitabilitv for the temperature, and 
some materials are ver)’ absorbent of condensed 
moisture and should therefore be avoided. Cork, 
either in the form of slabs, fine granules or shavings, 
or hair felt may be recommended. Cork-shavings, 
a waste product from cigarette-tip manufacture, 
weigh on the average 3 lb. per cubic foot. Cork has 
a thermal conductivity of the order of 0-00008 
gramme-calorie per square centimetre per second 
for a temperature-difference of 1° C per centimetre 
thickness. 

Thermostats for low-temperature work 

The usual electrical type of toluene and mercurj' instrument (described in 
Chapter 3) or a bimetallic-strip form (Chapter 11) can be adapted for this type 
of work. 

A simple device for observing and controlling low-temperature baths, in 
which use is made of the absorption properties of charcoal at low- temperatures, 
is shown in Fig. 99. A tube, partially filled wdth granular charcoal and a gas, 
is connected to a manometer (a simple U-tube with mercur)'). The level of the 
mercury surface will depend upon the amount of the gas held by the charcoal, 
that is, upon the temperature of the charcoal. Electrodes are sealed in and 
control the heating circuit through the medium of relays in the usual way. 
The range of greatest sensitivity is obtained by the selection of a suitable gas in 
contact with the charcoal, and argon is such a gas. The pressure of the argon 
may be about 20 centimetres w-hen the charcoal is at room temperature. The 
space above the mercury in the other limb of the manometer is evacuated. 



Fig. 99. — A control device 
for low-temperature work 
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Forms of automatic cxyostats 

In the Hearson apparatus for temperatures betw'een — 10’ and -j- 20’ C, 
the withdrawal of heat is brought about b\ the evaporation of liquid sulphur 
dioiidc which, after use, is re-compressed and again rendered hquidbymeansof 
a small refngerating plant The maintenance of am particular temperature 
depends cntireh upon the rate at which evaporation and re-compression of the 
gas takes place these rates being dependent upon the rate at which the com- 
pressmg motor works For the regulation of the speed of the motor a bimetallic 
thermostat is used 

A erv ostat emploving pentane cooled bv liquid air and capable of maintaining 
anv temperature between — 180’ C and 0’ C has been desenbed by Kejes, 
Townshend and "^oung* The pentane is contamed m an unsilvcred Dewar 
' essel, the \ acuum space of which can be exhausted through a side tube This 
V essel IS immersed m a larger silvered one containing bquid air The pentane 
IS cooled bj the heat flowing across the vacuum space of the inner vessel to a 
greater or less extent as the v acuum is low or high The pentane is kept well 
sutttd. and cooUng va balanced b\ soppUmg beat clectncalK fTom a btstuvg-cod 
in the pentane The temperature t$ maintained and controlled b> means of a 
twisted bimetallic stnp Bv adjusting the pressure m the vacuum space of the 
inner vessel and also the heating current anv pirocular temperature between 
— 180 C and 0® C can be obtained This erv ostat is said to be capable of 
auiomaticallj maintaining the temperature constant to about 0 I’ C Finer 
regulation of the temperature has been achieved bv L C Jackson* bv emplovmg 
the tnode-valve relav method. 

4 erj ostat described bv Egerton and Lbbelonde* (see Fig 100) keeps the 
temperature constant to ± Ol® C down to about 160 C and does not 
consume much liquid air The principle emploved is the same as that of 
the foregoing apparatus of Keves, Tovvnshend and \oung in that itgulaUon 
IS effected by control of the flow of heat between a metal vessel A filled to a 
constant height with hquid air, and the bath liquid bv altering the pressure 
of gas in the jacket separating the two The method of control, however, is 
different The lagged Dewar vessel contains the bath liquid A blower 
forces liquid air from the Dewar ils^ C through a siphon into D and therebv 
cooJmg the bath liquid in A Siikc there is no danger of the vessel D breaking 
and mixing liquid air with the bath liquid H is quite safe to use petrol freed 
from water as a bath bquid The mediod of operauon ts to bnng the level 
of liquid air m the double-walled copper vessel D to the correct height, the 
dimensions of D having been carefuUv chosen for proper functionmg by t ak ing 
into account the amount of heat to be conducted across the heat space and 
down the walls The space between the w^> is brought to a low vacuum, 
and the pressure is made such that with the level of the hquid air at a certam 
height the bath reaches equilibrium at a temperature slightly below the desired 


170 


LOW -TEMPERATURE CONTROL 


temperature. The level is maintained by control of the blower forcing the 
liquid air over into D, this being done automatically as follows. A fine glass 
tube with splayed-out end is connected to a tambour, on 'the rubber diaphragm 
of which rests a lever which makes and breaks the electrical circuit of the blower. 
The pressure in the tube and tambour is dependent on the covering and un- 
covering of the end of the tube with liquid air. Provided the rate of stirring 
is suitabh- adjusted, the maintenance of a constant level of liquid air in D is 
alone sufficient to keep the bath temperature within 0-5° C, in spite of the change 
in composition of the liquid air with time. It is necessary only to control the 



pressure in the air space in D in order to obtain automatically a much finer 
adjustment of temperature. For this purpose the air space in D is connected 
to a water-pump when the bath temperature is a little too high, and to a high- 
vacuum pump when the bath has been cooled a little below the desired temper- 
ature. The normal connection is with the low vacuum, but when a gas ther- 
mometer in the form of a thermostat closes a contact, a relay brings the high 
Vacuum into action. 

An automatic cryostat that incorporates a number of interesting features 
is that described by Sinozaki and Hara® (Fig. 101). The bath liquid, consisting 
of petroleum ether contained in the Dewar vessel A, is cooled by liquid air 
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from the vessel K by means of a cooling coil of copper piping D Absorption 
of heat bj the vessel K causes evaporation of the liquid air and an increase 
of pressure This causes the liquid air either to pass over into the cooling 
coil or to escape against the water head k The valve P is controlled through 
the solenoid 5, by a thermostat G This consists of a copper vessel filled with 
liquid pentane and containing a bundle of thin copper strips to improve heat 
conduction The expansion of the pentane moves a column of mercury in a 
U tube to make and break an electrical circuit, consisting of an accumulator 



Fig 101 — Sinozaki and Hara automatic cryostat 


in senes with the solenoid S If the temperature rises the valve P closes and 
when the temperature falls, the plunger drops by gravity and the valve is opened 
This closing and opening of the plun^-valve increases and reduces respect 
ively, the pressure in the liquid air reservoir K and consequently increases 
or retards the flow of liquid air through the vacuum jacketed tube C into the 
cryostat bath The liquid air enters the ccxiling coil through ajet E in the form 
of drops, and the amount is such that its cooling effect nearly compensates for, 
but never exceeds the heat flow from outside into the cryostat bath If the 
gas pressure in the liquid air reservoir is acadentally increased too much for 
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example by a stoppage of the jet E, the glass tube leading from the reservoir K, 
to the bottom of the water tank R serves as a safety-valve. The temperature 
of the bath may be maintained constant automatically from ± 0-02 per cent to 
± 0-003 per cent within the range 0° C to — 150° C for several hours if the 
apparatus is suitably adjusted. About 3 litres of liquid air are consumed in 
order to cool down a cryostat of 1,400 c.c. capacity from zero to — 100° C 
-and maintain it at this temperature for nearly 30 hours. Pentane becomes 
viscid at a low temperature, and is not suitable as a regulator liquid below 
— 150° C. If butane be used for this purpose and for the bath liquid, this 
cryostat can be used at as low a temperature as — 180° C. 

In a cryostat devised by Roper®®- for temperatures from — 35 to 25° C a 
commercial household type of refrigerating machine is kept in constant oper- 
ation ; an expansion valve in the liquid refrigerant line allows various quantities 
(depending on the manual setting of the valve orifice control) of expanded 
cold liquid phase to enter the evaporator coil immersed in the liquid bath. 
With proper adjustment of the expansion and constant pressure valves, an 
equilibrium temperature is soon reached in the bath. This temperature is 
below the required temperature and a coutirruous electrical energy is then 
admitted to the bath until a temperature a few degrees above the cooling- 
equilibrium temperature is reached, this continuous energy input is then 
reduced in magnitude until it does not quite balance the energy withdrawn 
by the refrigeration system. The on-off intermittent energy input is then placed 
in operation, along with a modulator. The latter serves to vary the continuous 
energy input slowly, the amount of variation being a function of the length of 
time that the intermittent heater is on and is off ; such a type of modulation 
tends to counteract the effect of any slow, external changes upon the system. 

^ The evaporator coil is run almost dry, that is only a small amount of evapor- 
ating liquid refrigerant spray may be present at any one time. In this manner 
the coil is kept at a given temperature irrespective of the bath temperature, 
in contradistinction to the wet method of operation in which the evaporator 
is kept filled w-ith liquid phase ; under such circumstances the refrigeration 
system will attempt to keep the bath (and the coil) at a constant temperature. 

To change the bath from one operating temperature to another, excess 
refrigeration or e.xcess electrical energy input is employed to attain approximately 
the desired temperature ; since it is considerably easier to perform minute 
changes by means of the electrical energy input than by means of the refriger- 
ating effect, the final adjustment is made by the former means. 

It was found that if the on-off energy input to the bath were supplied by a 
separate heating coil from the steady heater that frosting of the inside of the 
former took place, owing to the “ breathing ” effect, to the minute amount 
of energy being dissipated and to the fact that the coil was only energized 
approximately half of the time. By superimposing the intermittent energy 
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input upon the steady current on the one heating coil these difficulties were 
overcome and also the thermal lag m the intermittent heating was slightiv 
decreased Modulation of the continuous energv input to the bath was found 
necessar) since external variables such as room temperature, barometnc 
pressure, and electncal supplj lint voltage influenced the operation to an 
appreaable extent 

To obtain reprodoabilitj in the thermostat itself it is necessarj to seal 
It hermetically after ev acuating to say 0 2 mm 

Ruh*® and his collaborators used a three bath system to obtain temperatures 
ranging from 40° to — 70° F for viscositv determinations 

The first bath consisted of a jar held at a suitable low temperature, 
containing solid carbon dioxide and isopropyl alcohol , a second bath was 
a jar under rough thermostatic control , and a third, a Dewar type jar under 
close control Acetone was chilled by circulation through a pipe in the first 
bath and passed to the second bath which was controlled by a bimetallic 
thermoregulator and an electnc immersion heater Immersed lo this second 
bath was a coil to supply cooled acetone to the third Dewar jar, in which were 
immerwd a bimetallic thermoregulator and an immersion heater 

Replacement of bath liquids 

Apart from replenishment to make up for evaporauon losses it is necessao 
to replace the liquids m low temperature baths from tune to tune, as their 
usefulness is impaired by the absorption of moisture This is most rapid 
when atmospheric humidity is high 
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Relays and valves 


Thermostats sometimes operate the cut-ofF snitches or valves directlj, but 
in most cases through the medium of relays. A number of these regulating 
devices have been described in connevton with the particular thermostats 
In the laboratory the most saluable forms ot relay are the thermionic valve 
and the hot-cathode, gnd-controlled, gas-filled types, to which numerous 
references have been made in the text and at the end of this chapter The 
drawback of complexity is counterbalanced by the high sensitivity that can be 
attained by their use The following are cited as further examples of relajs, 
but the list 18 not exhaustive 

Galvanometer relays 

Galvanometer movements can be adapted to become sensitive relays for 
the control of other circuits providing the galvanometer is carefully protected 
from vibration (see page 114) The stabilitv of a galvanometer is greater, and 
It IS much more positive in its action, than an electronic valve for small voltage 
changes, as without any elaboration of the circuit it will operate at exactly 
the same value indefinitely Again, it is not dependent upon anode voltage 
or filament current for its sensitivity. It is obvious that the size of the contacts 
which can be operated by the galvanometer movement is very small, and the 
current which can be broken must be minute, as any arcing would -seal the 
contacts together For this reason it is often preferable to control the gnd 
potential for a valve or “thjiatron” by the galvanometer relay, and to use 
the valve to control larger currents The contacts can be made of fine platinum 
wire A wire tongue attached to the moving coil can be arranged to make 
contact with a fixed wire when thcanl is deflected By using fine wires, sticking 
of the contacts is minimized, as only a very small surface is in contact By 
suitably positioning the wires a rubbing action can be produced The power 
required to operate a sensitive galvanometer relay is of the order of 1,000 to 
%'m rqNi 


Electronic relay 

A number of electronic relay arcuits have already been referred to in this 
book and a large number have been described m the literature, reference to some 
of which is made at the end of this chapter 
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\\ 1 th the aid of these relays the regulator contact current can be of the order 
of a few microamperes only. 

In using these relays, it is necessary for the regulator elements to be well 
insulated and the connecting leads kept as short as possible and well insulated, 
since any reduction in the necessarily high open circuit resistance, due to high 
humidity or insulation leakage, may prevent the normal working of these relavs. 

A versatile relay of the electronic tj-pe has been described by Baier and 
ilillington^, in which, by means of a six-point selector switch with a potentio- 
meter, the relay can be adjusted for use with any ti’pe of regulator having 
contact and connecting wire lead resistances from approximately 0 ohm to 
250 megohms. 
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The relay is also proiided with a socket to receive an emission-tj'pe photo- 
cell for light activation of the relay, to operate either alone or in conjunction 
with the usual type or regulator.' 

The relav circuit is shown in Fig. 102. A gas tetrode valve operating on 
alternate half waves of the alternating current cycle is used in a conventional 
circuit. This valve should have a high current-carrying capacitj' and a triggering 
action of the grid where, when the critical grid firing voltage is reached, the 
valve conducts to its maximum capacit}’. The necessary voltages for plate 
and grid operation are obtained from the voltage divider to with the voltage 
developed across i?, and R, supplying the plate a voltage, positive with respect 
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to the cathode and the \oltage across J?, and negative wth respect to the 
cathode on the same half cjcle for gnd control gn es a mimmum negative 
gnd bias \oltage just in excess of cut off while J?, allows for an additional 
gnd bias i oltage variable to the grid through the potentiometer The use 
of the resistors Rg to Rjg allows for the ranges of sensitintj desired for the 
operation of the relay With Sg in position 6 and the control on R, moved all 
the way up (minimum setting) the relay will operate with contact resistances 
across the thermoregulator contacts Tj^ of as much as 250 megohms while 
wath Sg in position 1 and the control of all the way down (maximum setting) 
practically a zero resistance is necessary 

If the circuit is to be turned on and off frequently it is advisable in most 
cases to insert a switch in the plate circuit to provide a short delay for a few 
seconds after turning on S before applying the voltage to the plate of the 
valve Fj This is recommended since turning on the heater and plate voltages 
simultaneously may result m shortening the life of the valve A holding con 
denser C is necessary to prevent chattenng of the plate circuit relay R^ since 
th^ operation of the relay depends upon half wave plate rectification The plate 
arcuit relay has a set of single pole single throw contacts connected to a 
pilot lamp to indicate operation and a set of single pole double throw contacts 
to deliver the alternating current necessary for the operation of the desired 
control device This dual outlet permits of normally open or normally 
closed arrangements The transformer T is a filament transformer fo the 
valve /? IS a current limiting resistor for photocell if used 

Rg is a regulator contact protective resistance and should be of high value. 

Operation of the arcuit — With the regulator terminals open or if used 
the photo electric cell dark (or at some predetermined light intensity depending 
on the settmg of and Rf} the grid of the valve is at a voltage more negative 
than the critical gnd firing voltage as determined by Rg and the setting of R^ 
When the contact is closed or the photocell illuminated (or the illumination 
increased) the gnd is brought to a potential less negative than the cut off voltage, 
causing the valve to fire and energize the plate circuit relay After connecting 
the relay to a thennoregulator with the contacts Tr open switch Sg can be 
moved progressively from contact 1 toward contact 6 and if the relay operates 
owing to leakage across the wire leads from the regulator swatch Sg can be 
backed off one position (or the setting of R^ lowered) until the plate circuit 
relay /?£ does not become energized except when contacts Tr are closed 

Mercury-in glass switches 

Mercury in glass sw itches are now in general use for technical and industrial 
purposes Contact is usually estabhshed between mercury and mercury and 
not mercury and metal in order to avoid arcing with heavy currents and high 
voltages which would cause melting of the electrode and leakage at the sealing 
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point. The leading-in electrodes arc contained in pockets in the glass envelope 
and are covered with a pool of mercury. To prevent oxidation and to keep 
the mercury clean, the tubes are filled with a reducing gas. Owing to the small 
amount of mechanical energy and minimum of movement required to operate 
such switches, which can break fairly large currents, only a small current is 
necessary to operate the solenoid. Many forms of snitches are available, 
from the simple form which makes and breaks a circuit (see Fig. 87) to that 
in which it is possible to make and break two distinct circuits. This latter 
t}pe is useful where it is required to operate a circuit which controls a cooling 
medium in addition to the heating circuit. 

.\ switch of the solenoid type is 
illustrated in Fig. 103, in which the 
mercury is displaced by the move- 
ment of a core actuated by the solenoid. 

Hot-idre relays . — A simple method 
of operating a mercury switch in 
response to impulses from the thermo- 
regulator is the hot-wire relay of 
Griffin and Tatlock, Ltd. 

The essential feature of the appar- 
atus is a wire supported between 
a standard and a tensioning screw 
in another standard. On the passage 
of a current through the wire, it 
becomes heated, the expansion causing 
it to sag. This sagging of the wire 
is used to effect the tilting of the 
mercury stvitch through a link attached 
to the cradle which supports the switch. 

One method of setting up the circuit 
is to connect the thermostat (which 
may be of any electrical type) in parallel 
with the wire element. When the 
thermostat “ makes,” the wire element 
is short-circuited, and the current through it being thereby reduced, the 
wire cools and contracts. The effect of its contraction is to tilt the mercury 
switch, and thus to break or make the main circuit. By the parallel method 
of connexion, the electrical power broken at the thermostat contacts is much 
less than when the thermostat is in series with the wire element. 

The Sun-Vic hot-wire relay operates on the same principle, but the wire is 
enclosed in a vacuum tube together with the contacts, w’hich are of the metal 
type. 
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An ingenious vacuum switch manufactured by Siemens and HaUke 
consists of an evacuated glass tube containing two contact spnngs sealed m at 
one end and a flexible corrugated tube sealed in at the other end Through 
the flexible tube projects a rod a slight movement of the outside end of vvh ch 
will cause the inside end to open the contact The movement of the rod bv, 
for example the expansion and contraction of a nvatcnal can thus be arranged 
to make or break an electneal circuit The ruptunng capacitj on a non 
inductive load it is claimed mav be as much as I “iOO volts at 10 amperes 

Time-delay relay 

A pronounced improvement in operation of thermostats is often obtained 
by supplying the heat intermiltentlv instead of continuouslv near the control 
temperature Heat is supplied in small increments by this method which helps 
to prevent over regulation of the temperature This is basically the Gouy 
principle (See page 19 ) 

Chattering or the too frequent operation of a sensitive relav can also be 
rninimued by a time delav device This is particularly applicable to bimetallic 
types of regulator 

A mechanical method of effecting this intermittent action is by using a 
clock with a sweeping second hand brushing over a metallic stnp so that 
electrical contact is maintained for a short period onlv 

Another method* is to use the cathode heating ume of a thermionic valve 
as the basis of the time delay switch Likewise the delay action mav be 
achieved* * bv utilizing the heating time necessan to allow electrons to flow 
from the cathode to the plate of a vacuum tube rectifler 

A basic circuit is shown in Fig 104 Electrons flow up through R^ to the 
cathode of the valve \oltage is maintained across the resistance bv the 
by pass resistor Rj If the switch S is in the pos non B electrons will flow 
through i?j to charge condenser C| Inilially S is in the position d and the 
grid is m effect short circuited to the cathode by Rj and R Current flows 
in the valve and causes the relay to close switching 5 from A io B position 
Electrons flow through chatgii^ C, so that the gnd side becomes negative 
As Cj charges the plate current of the valve decreases and when it has reached 
a value too weak to hold the relay closed S is switched from to ^ The time 
delay before the relay opens is controlled by the capacity of Cj and the value 
of the resistor 

C, can now discharge through and does so at a rate controlled bv the 
condenser capacity and the resistance ofR^ As C, discharges the grid potential 
approaches that of the cathode and the plate current nses At a value of the 
plate current sufficient to close the relay S is switched from A to B again 
and the cycle repeats The time of chaige and discharge is regulated by the 
condenser The ratio of off to penods can he vaned by changing the 


180 



Ill I \ \ b AVI) V A I. V I S 


rrl! I <>*■ the vaUcc of and R. If R, prcutr than R, tlic time for charging 
f'l •Aili he greater than for the ili'tlnrgc, and the relav contact-e mil be closed 
for a longer period than the\ are open 

In order to \ar) the ofT-on ratio a number of resistors front say 1 to 
Jo rriecoiirn" on a nuiliiple eontset smteh mat be substituted for/?, <=cc Fig. 10). 
In order tint the penod of time for tthieli the contacts arc closed can be either 
gre (ter or !e-'s thin the time peratd they arc open, a sutglc-pnlc, doubic-thrott 
stti’ch is used for R. with two resistor-, of su ! and Jn megohms. Changing 
froTi on, resistor to the ntiier in /?, imerts the open-closed time ratio. 

in tlif complete circiit shown in I'lg. ITi. S and arc the two hahes of 



Fia. 101. Simplified 
tiir.c-dcliy relay circuit 



Fig. 103. -Time-delay 
relay circuit 


double -pole-, double-throw rclat contacts which are simultaneously actuated 
h) the rel.i} coil. 'Fhc resistor Rr in the plate circuit reduces the plate current 
to suit this reins eotl. 


Valvc-opcrating gear 

.\s prceiotisK mentioned, the switch may directly control the current to 
a fum.^ce. or rnae operate through a motor rnoWng a vale c controlling the .supply 
of air, steam, water, oil, etc. 

.\ simple motori7ed eaitegear for .a single supply line is illustrated in Fig. lOG. 
Where more than one \ahe or d.ampcr has to be controlled, a mechanism 
of the form shown in Fig. Ki7 may be used. Tlie electric motor is coupled 
to a .speed-reduction gcar-bov by a clutch adjusted to slip when a predetermined 
resistance is met, thus pretynting the motor or gears from being damaged 
should a eahe stick. 

Vahe-operating ge-ar may take the form of a power cylinder capable of 
dee eloping from about SCO to 5,500 ft-Ib per stroke. Such cylinders arc capable 
of operating large slides or valves. The thermostatic regulator controls a pilot 
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\alve which determines the direction of air, water or oil flow to the power 
cylinder 

It IS sometimes found that the arrangement of the pipework suppljmg the 
fuel and air to a manually controlled furnace is such that more than one \ahe- 
operating gear is necessary if automatic control is adopted This entails 
unnecessary e\pense, and the efficiency of control is impaired owing to the 
difficulty in co-ordinating the settings the \anous salves so as to ensure the 
correct fuel/air ratios By re-dcsigning the layout with the controls in line, it is 
possible to use one \al\e operating gear to control two, three, and sometimes 
four valves, obtaining, at the same tune, improved results 



g 106— Cambridge motorued Fig 107 — Cambndge valve operating gear 

ive gear for single supply pipe 


VALVES 

Control valves 

The selection of a suitable valve for the requirements of an installation 
requires careful consideration The matenal of the valve body and scats will be 
governed by the normal and maximum temperatures and pressures of the 
controlled medium Bronze bodies are suitable for use where the temperature 
does not exceed 500° F and the pressure does not exceed 2oO lb The corresp- 
onding limits for cast-iron are 500° F and 150 lb , and for cast steel, 750° F and 
'h} StaftingJi are vAiosen Irom sodi TwatwisAs ■as 
nickeloy, etc The wearing or erosive action is closely related to the pressures 
employed and the size of the valve If, for instance, a single beat valve is 
operating iw an almost closed position for normal running, and the velocity of 
the fluid IS high, the valve seatings will become " cut ” In the ease of steam, 
this causes “wire drawing" 
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It niPA be found th.Tt a comparatuel) small \ahc will gi\e the requisite 
control AS hen the plant is ninnini; hut is un'Uitahle for rapid heatini; w hen starting 
up. By Using a larger hand-controlled by-pa-s \aKe or a V-ported valve or 
possible an on-and-off eale'c, this difliculty may be surmounted. large single- 
beat ealec eeorking in an almost closed position eeill be unreliable, because 
slicht variations of opening eeill cause I.irge eariation.s of floee. 



Fig. lOS. — " Arco '■ solenoid e’aivc 


Solenoid valves 

Solenoid e-ale-cs are often used eehen a controlling dee ice operates electrically. 
Here a globe- or necdle-e'ab'c or balanced plunger is normally held open (or 
shut) by' means of a spring. Passage of current through the coil of the solenoid 
causes the armature to move to the other extreme of its travel, so that the vale'e 
is then fully closed (or open) (see Fig, 103). The chief ade-antages of this ty'pe 
are its loev cost and simplicity. It is not as reliable, hoee-ee'er, as the motor- 
operated e'alve, in eehich a large operating force is available, eehich gives better 
control and more freedom from sticking. 
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Motor-operated valves 

In this t)pe as previously indicated a geared doi^n electnc motor operates 
the valve through an eccentric A single seated valve 13 generally used To 
pretent over running of the motor and consequent opening of the talve, rotary 
snap switches break the circuit at each half revolution 

Diaphragm valves 

These valves have a diaphragm top which is operated by an air supply 
regulated by a valve in the controller The valve may be of the balanced or 
unbalanced type and designed for use with air water oil or steam ^^hereve^ 



Fig 103 Direct action 1 ngle seated Fig 110 Revene artinn single seated 
valve vajve 



Pig 111 — Direct act OR, double sealed Fig 112 Reverse action double-seated 
valve valve 

possible It should be of the V port type as this assists in obtaining smooth 
control 

D aphragm valves are of two ^es direct acting (see Fig 109) and rnerte 
acting (see Fig 110) 

A direct action control valve closes as the pressure on the diaphragm is 
increased It opens as the pressure is reduced A reverse action control valve 
opens as the pressure on the diaphragm is mcreased It closes as the pressure 
IS reduced When the application is soth that the valve irrosl smtoinaticayy 
close as a safety measure incasetheairpressuretothediaphragmfails areverse 
action valve should be used Fig 111 shows d reel action double seated 
normally open Fig 11'’ reverse action double seated normally closed 
Fig 109 direct action single seated normally open Fig 110 reverse action 
single seated normally closed 
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If the line pressure is not too great, single globe valves are used, but for greater 
line pressure, balanced valves may be needed. The action may be either 
throttling or “ open and shut.” In a throttling valve (double-seated V-port) 
(Fig. 114) the disc or plunger seeks a position where line-pressure drop plus 
spring pressure balances control pressure and permits continuous flow of the 
heating medium. Open-and-shut valves are either fully opened or full}’ closed 
at all times. They are usually preferred where the temperature-lag in the 
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Fig. 113 . — Direct-acting, single-seated 
diaphragm valve 


Fig. 114. — Double-seated V-port 
throttling valve 


controlled apparatus is slight or the apparatus itself has a high heat-storing 
capacity. On the other hand, throttling control is desired where the lag is greater. 
In general, direct-acting valves are used to control heating media and reverse- 
acting to control cooling media. The controlling pressure, however, may be 
used to cause a valve to respond either directly or reversely to a rise in 
temperature, and hence the choice of valve depends upon whether it is open or 
shut upon failure of the control pressure. Balanced valves are not usually 
intended for pressure-tight ser\dce. 
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In some cases a \ al\ e has two separate cliaphragms W hen a c>de contioWer 
i» used to terminate a heaung period pressure upon the second diaphragm 
shuts off the heating medium independently of the temperature control 
s\ stem 

The Drajton Regulator and Instrument Company manufacture a paciless 
ts'pe of %al%e operated hy heat A metal bellow's takes the place of a stnppmp- 
boT The tahe is closed on circuit being estabhshed by the e\pansion of a 
metal bellows containing a Aolatile liquid heated by means of a resistance 
coil The operating bellows and heating elements arc enclosed in a casing 
fixed at the top of the \alte The \alxe opens and closes slowly (within 
about to 4 minutes) so that hammer action caused by snap-action waltes 
IS at oided The t alt e can be used onlt in low pressure systems of about 5 lbs 
per square inch For higher pressures a balanced valt e with stripping box 
must be used 

Three-way valve 

The Sareo three tray talte illustrates another form of talte designed for 
particular purposes (See Fig 115) 

For instance in diesel engines suitable control of the cooling water i$ titalJt 
important to minimize wear and distortion and to promote efiicienct The 
three wav talte actuated by a liquid expans on thermosut in the oil «upplt 
causes the water either to circulate back round the engine or be diverted to a 
cooler before returning to the engine 

W ith manne engines the danger of the thermostat failing so causing the 
water to be fully recirculated without cooling is guarded against b\ a fusible 
device This consists of a spring held in compression bv low temperature 
solder \ small quantity of the circulating water flows around this spring 
chamber and, should the water become overheated mil melt the solder releaae 
the spring and cause the piston valve to be forced to the position where the 
w-ater is diverted to the cooling system 

Pilot operated steam valve 

An interesting example of a pilot operated on off pi»ton\aJie used to control 
the steam supply to storage vessels such as calonfiers and process tanks is the 
Sareo type P (S*“ Fig ! 16 ) 

Steam is adra**ed through a port £ to a chamber F and thence via a pilot 
valve G to the underside of a piston C Pressure is built up under the p ston 
until It overcomes the resistance of the spring D and the rod B opens the mam 
steam v alv e ^ 

"When the controlled temperature is reached the thermostat which mav be 
of the liquid filled or other suitable Q-pe causes the valve closmg element push 
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Unsystematic response of valves 

Unsystematic response of flow of the heating-supply medium to the 
thermostat action, particularly detrimental to proportional control, may result 
from valve errors such as leakage in the control valve or in the by-pass ; 
inaccurate valve position, from friction or from unbalanced valves on fluctuating 
pressures ; and non-proportionality, from the cutting of the valve seat, a 
greatly oversize valve operating at low lift, a non-proportional or globe valve, 
flashing in the valve ports, or from limitation of flow by inadequate piping. 
In the more precise throftling-control installations, where valve changes must 
be accurate and minute, valve positioners have come into use to eliminate 
errors of valve friction and unbalance. In every control installation, the control 
valve must be sized to be the “ bottle-neck ” of the control-fluid system. 

To meet one of the most frequent difficulties encountered in valve design, 
that of producing a tight yet low-friction gland for the valve stem, a bellows type 
has been developed. The bellows is sealed at one end to the valve plug and at 
the other to the valve body. 

Failure of control 

In specifying a control valve it is usual to state what the valve should do on 
failure of the electricity or the air supply to the controller. The most usual 
conditions are that the valve should either close or open fully, but cases do 
arise, where it is better that the valve should remain locked in the position it 
occupies at the time of failure. Similarly, means are sometimes provided for 
emergency operation of the valve, either manually or from an auxiliary power 
supply. 

Valve characteristics in automatic control 

For application in proportional control systems, valves of the sliding stem 
type are available with a variety of inner valves which provide markedly different 
curves of flow vs. stem position (lift). Also rotary stem or butterfly valves 
by their inherent design yield variously shaped curves of flows vs. vane position. 
Such a curve is termed the “ valve characteristic.” The importance of the 
valve characteristic is determined by specific properties of the process and 
control system in which the control valve is to be used. The characteristic 
may, or may not, have an effect on closeness of control. The importance of 
valve characteristics in this respect has been ably discussed by Ross^. 

With a constant pressure differential across a proportional control valve 
it is possible to obtain test curves relating flow against lift obtained under this 
imposed condition. Such a curve is known as the “inherent valve characteristic. 
When the valve is installed under actual conditions, where the pressure differ- 
ential may not be constant, the curve is modified and provides what is termed 
the “ effective valve characteristic.” 
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\ anaUons of pressure differential mat be due to i anations in fluid pressure 
(a) at the source of flow or (i) at the end of flow and (c) at the source and end 
at the same time and (d) through the length of the piping to and from theialie 
For instance pressure of fuel gas burners, or steam to heating coils, mav 
larj upstream from the control talrc and cause an indefinite fluctuation in 
the pressure differential across the \alie Wde \-anations in this pressure 
should be controlled by a pressure regulator for the ultimate in automatic 
control Fnction in the pipe and the presence of band talies and fittings 
m the i-ahe piping circuit \nU cause a variable pressure drop which more or 
less alters the pressure differential across the control valve. 

If therefore the lahe is sized xnth the effect of faction losses neglected, 
H IS possible that eien the normal rate of flow requu-ed bj the process which 
might be 60 or 70 per cent of the maximum could not be obtained 
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Ftg 117 —Pressure losses in Loes and fittisgs 
Their effect on an inberrntli linear salve eharactensuc 
ion < < 

Pressure drop in line <• 'll 40 f< sO 


Neglect of the friction losses in the Ml%e piping oicuit thus decreases the 
rangeabilit) of the control lalie — that i> the ratio of maximum to minimum 
flow obtainable 

E\ en though the i ali e mai be sized with the effects of fnction losses talen 
into account the fact that these losses decrease from a maximum at capacin 
flow to a negligible amount at low rates cf flow causes the inherent charactensnc 
to be altered 

ith a \ ah e bai mg a linear inherent flow lift characteristic if the percentage 
of the total differential absorbed in the lines and fittings at max i mum flow i» 
increased the curies relating flow to \die lift become mcreasinsb concaie 
m "hape as the pressure drop in the lines increases Fig 117 The flow for a 
gi\ en intermediate lift becomes intreaSingU greater because the pressure 
loss in the lines has decreased from that at a maximuri lift bv an amount pro- 
portional to the square of the lelocatx of flow, more pressure differential is 
thereb} left across the lalve to produce flow Howeier, if the fnction loss 
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does not exceed about 40 per cent of the total available pressure differential 
in the line, the inherent flow lift characteristic is not altered too seriously. 

Control requirements of processes 

In 'a process using an automatic controller and requiring a fixed average 
quantity of heat supply to maintain the desired temperature and also a fixed 
set point, it is well known that there is one adjustment of the proportional 
band (throttling range) termed the “ optimum band,” which provides closest 
control". Basicall}', this means that the process requires a certain change 
in flow of control agent with unit change in the temperature to endeavour to 
maintain the temperature at the set point. This relation is sometimes referred 
to as the corrective action rate of the automatic controller. This function 
required by the process involves the valve capacit)’ as well as the proportional 
band and scale range of the control instrument, such that 

valve capacity 

corrective action rate = : ; ; 

proportional band X scale range 

This expression is based on the assumption that the valve characteristic and 
scale calibration are linear. 

For example, a controller with a 0° to 200° F scale is found to have an 
optimum band setting of 20 per cent when operating a valve with a linear 
characteristic and a capacity of 100 gallons per minute. Then, 

100 O - /Of 

corrective action rate = q 2 x *^00 

With other conditions remaining constant, the above expression indicates that, 
if for example, the scale range is increased the proportional band should be 
accordingly narrowed so that the corrective action rate remains unchanged. 
Similarly, if the valve capacity is increased, the band must be widened to maintain 
the same rate. 

Changes in process load or set point, however, may or may not require a 
new corrective action rate, depending upon the nature of the process. 

An important characteristic pertinent to the consideration of all processes 
is “ capacitance,” which is the change in quantity of energy or material stored 
per unit change in some reference variable. Many temperature control appli- 
cations, such as are found with simple kettles, vats or pots, have only one 
appreciable capacitance, and require a constant corrective rate at all loads. 

On the other hand, temperature processes of the heat exchanger type ha\e 
more than one significant capacitance (usually two, but sometimes three or 
more) and involve more complex factors such that the corrective action rate 
should change considerably at different loads in order to maintain optimum 
control. Such changes are difficult to predict and vary^ with the relative \alues 
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of the capacitances and lags m the particular sj-stem In general, howe\er, 
Mith such multiple capacity processes ha\ mg substantially constant capacitances 
the corrective action rate should decrease mth decrease in process load Non- 
linear functions, such as the effect of radiation losses at high temperatures 
as compared with that at loner temperatures, further complicate an e\act 
analysis of such processes and tests are necessary to determine the required 
corrective action rate under varving loads 

The correctiv e action rate is of importance under some, but not all operating 
conditions For instance in processes involving small lags compared to their 
capacities the proportional band required tends to be narrow In such ca«es, 
for a rclativel) small change in pen position the controller provides considerable 
change in the controlled air pressure to the valve This action results in an 
equally large change in the valve lift With a 10 per cent band, for example, 
a 2 per cent change in pen position will result in a 20 per cent change in the 
valve lift, so that the effect of anv particular valve characteristic is lost — the 
valve action approaches t\\o-positton operation. 

It maj be concluded, therefore, that where the proportional band is 10 per 
cent or less, no specific flow lift charactenstic is required, regardless of the 
process, or changes in load and set point 

Again in certain processes only momentary changes in load exist For 
such applications a proportional controller is sometimes used, but with a 
constant set point no particular valve lift-flow relationship of the valve is required 
Choice of the inner valve i$ based upon its physical advanuges onlv, such as 
resistance to erosion due Co wire-drawing 

The valve-lift-flow relationship becomes of importance in a heat exchanger 
type of process where a decrease in the corrective action rate with decrease in 
load IS required A proportional controller with automatic re-set (floating 
action) IS generally used in this type of application The valve should provide 
gradually smaller changes in flow for unit changes in lift toward the lower 
values of flow in order to maintain optimum control under all bads The slope 
of the valve characteristic would be greatest at the lowest flow and gradually 
flatten out towards the maximum flow The characteristic of valve 2 in 
Fig 118 IS of the general shape required For example, an increase m lift 
from 20 to 40 per cent changes the flow by only about 3 g p m , whereas the 
same increase in lift from 60 to 80 per cent changes the flow by about Ki g p m 
It must be emphasized, however, that the exact shape of the curve for such 
pruciniswr, niVen.' fihf currectVstf acftiM fxte f.hsavW i'/iAV /.be 

required values of the rate at the different loads The change m these values 
with load will vary with the individual process 

In applications where the set point is shifted frequently but the load remains 
substantially constant, requirements of the valve characteristic vary widely 
depending upon the particular combination of the following factors (a) normal 
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flow rate of the control agent at the new set point, (6) whether the correcti\ c 
action rate should remain constant, and (c) lineariu- of the controller scale. 

Shift of the set point in most applications necessitates a new norma! flow, 
even though the load remains constant. 

In these processes with no load changes a proportional controller without 
automatic reset is generally used. \Yhen the set point is shifted, the manual 
re-set must therefore be readjusted to provide a new normal flow. Proper 
selection of the valve characteristic cannot then eliminate controller adiustmcnt.s 
but may obviate altering the proportional band setting and thereb;. simphri 
the adjustments. For example if the corrective action rate should remain 
unchanged at the new set point and a linear scale is used, a linear a alve character- 
istic will maintain the desired control action. 

In most industrial furnaces, however, the corrective action rate el-inr-'- 
as the set point shifts : the flue temperature rises at higher flows for mu- i 



Fig. 118. — Two different valve characteristics 
Their cfiect on lift flow relationship 

set points and results in lower combustion efficiencies (less heat transfer) for 
gi'en amount of fuel input. This effect, combined with the nonlinear .lutino 
of radiation losses from the furnace walls, requires an increase in the corrcctiM 
action rate at higher set points or valve flow-lift curve somewhat similar to that 
shown for valve 2 in Fig. 118 if optimum control is to be maintained witliout 
change in the proportional band setting. 

Thermocouples prosidc an essentially linear scale, but vapour-pressure 
thermometers and radiation pvrometers exhibit scales which widen towards 
the high end in approximate!}' an inverse logarithmic manner. Inasmuch as 
the proportional band action of the controller functions to change the valic 
padtion on a linear basis with respect to pen movements, when scu point 
changes are made, this scale characteristic alters the change of xalic lift with 
unit changes in the controlled temperature. In the selection of the optimum 
A all c characteristic for this purpose, therefore, this effccti' c a' idening of the 
pmportional band as the set point is mn\'cd downscale must he con idc. e 
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conjunction ^nth the required corrective action rate If the required corrective 
rate remains unchanged when the set point is lowered, the vahe characteristic 
should pronde a slightlj greater increase in flow per uiut change in lift at the 
lower flow rate in order to compensate for the effective widening of the pro- 
portional band 

On the other hand, if the required corrective action rate should decrease 
at the lower set points the non linear scale charactenstic alone maj compensate 
for the necessarj decrease bj the widening of the proportional band In such 
a case, a Imear \alve characteristic would be chosen 

here set point changes are made at infrequent interv als it ma} be preferable 
to rel> on controller adjustments than to require speaal valve characteristics 
WTiere possible complete flow data and allied process conditions are desirable 
m choosing a control valv e but if not available such effects can onl> be approxi- 
mated b} empmcal formulae After the valve is in operation pressure readmgs 
can he obtained from smtably chosen tapped points for given positions of valve 
lift By this means improperly selected control valves can be diagnosed and 
remedies apphed 
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CHAPTER 19 


Classification of Iieat-excliangers 


Temperature-control is fundamentalh' the regulation of heat-exchange. 
There are, of course, many waj’s of exchanging heat, and the type of control 
employed will be governed to a large extent by the system used. A general 
sun^ey of the various forms of heat-exchangers a\t11, therefore, not be out of 
place. 

Heat-exchanger design depends on a number of factors, amongst the more 
important being the quantities of the media involved, temperatures, heat 
requirements, heat-storage capacities, and the amount of heat-transfer surface 
and its effectiveness. This effectiveness depends on many factors, but most 
important, perhaps, are the film coefficients, tvhich are in turn dependent on 
the media, their temperatures and velocities. 

Haigler’^ has classified the various forms of heat-exchangers and represented 
them diagrammatically. Most of the forms can be represented by two contiguous 
rectangles, representing supply and demand sides, the length of the common 
wall signifying the amount of heat-transfer surface, and the thickness indicating 
the thermal resistance. The width of each rectangular area signifies the thermal 
capacity per unit of heat-transfer surface, so that each area indicates the total 
thermal capacity on that side. 

The sensitive element of a temperature-controller is indicated by S, while 
the valve V regulates the supply of heating fluid. 

In continuous processes the heat supply and demand are, on the average, 
equal. The effect of the thermal capacity on momentary' fluctuations is deter- 
mined by the amounts of stored heat absorbed or released during a temperature- 
fluctuation in comparison with the steady'-state heat quantity. Obviously, if 
the storage heats (products of thermal capacities by temperature-fluctuations) 
are negligible in comparison with the steady-state heat quantity, their effect 
on control is insignificant. Mffien, however, the storage heat is an appreciable 
quantity, as is usually the case, the effects of thermal capacity must be carefully 
considered. In batch processes the heat balance approaches the limiting case 
where all of the heat requirement is storage heat. 

Simple heat-exchangers 

Let us now' consider some typical simple liquid-liquid heat-exchangers, 
each with the same demand conditions and same heating surface, but with 
different thermal capacities and directions of flow. Fig. 119 (a) represents a 
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Simple concentric tube (pipe \nthin a pipe) exchanger connected for counter- 
current, or opposed flow operation with the small inner pipe on the supply 
side and the large annular space on the load side The temperature-sensitive 
clement S is placed in the outlet of the exchanger, or in the pipe immediately 
adjacent thereto In this heat exchanger a temperature-change, as a result 
of an} upset in the balance of heat demand and supply, reaches 5 in a minimum 
time Consequent!}, with on and-oif control, the heat input pulses arc of 
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we see why a very' much underloaded heat-exchanger on open-and-shut control 
may cycle badly, while when adequately loaded it controls very closely. 

Similarly, with proportional control the heat exchanger shown in Fig. 119 (a) 
controls accurately. The heat-exchanger can follow rapid control changes 
without hunting. The favourable capacity attenuates temperature fluctuations, 
thus tending toward stability. As before, at light loads the effect of fluctuations 
is magnified, thus tending toward instability'. For this reason a very much 
underloaded heat-exchanger on proportional control may also break into a cycle. 

Fig. 119 (b) represents an exchanger exactly similar to that shown in Fig. 119 
(a) except that the sensitive element is moved some distance away from the 
heat-exchanger. The time for a temperature-change to reach position S' is 
much greater than that taken to reach S. With on-and-off control, the 
on-and-off periods are correspondingly lengthened and the resulting cycle 
amplitude is greatly' enlarged. With proportional control, the control-band 
must be much wider than before to make the belated valve-corrections less 
violent and to allow a wider range for deviations before the limits of pro- 
portionality are reached. Thus, with either type of control, a large “ trans- 
portation lag ” entails poorer control. 

It is also interesting to note that poor heat transfer in the heat-exchanger, 
or slow response of the thermal system, has an effect somewhat similar to 
transportation lag, which may be called “transfer lag.” Insufficient or dirty 
heat-exchange surface and poor film coefficients from inadequate velocities 
result in high resistance to heat transfer, correspondingly high thermal potentials 
between the sides of the exchanger, and ensuing control difficulties. Similarly, 
short and thick or heavy bulbs in air or other poorly conducting media, and 
restricted circulation past the element can produce a large transfer lag to the 
thermal element and delay its response surprisingly. This is serious, since the 
thermal-element response should always be rapid in comparison with the process 
it is controlling. 

Transportation lag and transfer lag together comprise the “ response lag ” 
of the system. Response Jag, meaning the inten'al between initiation of a 
temperature-change and the initiation of a corrective response, must be kept 
small for best control. Transfer lag is reduced by increased thermal potential ; 
whence, in cases of extreme transfer lag, normally unfavourable capacity-ratios 
may control better, since the thermal potential available for control has not been 
attenuated. Transportation lag is unaffected by' thermal potential, being reduced 
only by reduction of the time interval, as by' re-location of the thermal element, 
by reduction in preceding volume, or by increase in flow velocity. 

Fig. 119 (c) represents another exchanger similar to that shown in Fig. 119 (a) 
but with the load and supply sides interchanged. The small central pipe is now 
the demand side, while the large jacket space is the supply side. The ratio 
of thermal capacities of the demand and supply sides of the exchanger has been 

197 



THERM 


TATS 


greatly altered With on-and-ofF control, the cycles are very large The heat 
available from the large capacity on the supply side of the exchanger after the 
control valve closes causes a temperature overswmg m the small capantj of the 
load side many times that which results in the case represented by Fig 1 19 (a) 
A large capacity on the load side is favourable, diminishing, and smoothing 
out the variations , on the supply side it is unfavourable, amplifying the 
variations With proportional control the situation is likewise unfavourable, 
wide-band control being required for stability. 

Heat-storage effects depend not only on thermal capacity temperature 
levels are also significant When the temperature-difference is large, the 
quantity of heat potentially transferable is large, and difficulties ate accentuated 
With on-and-off control, cycle amplitude is large , vvith proportional control, 
cycling can be avoided only by vwde-band control vnth the attendant disad- 
vantages A small temperature-difference is conduave to good control , and 
sometimes, when little else is possible, merely reducing temperature-difference 
will improve controllability greatly In milk pasteurizers, for example, the 
imlk IS heated not by steam directly, but by circulated water heated to a controlled 
temperature only slightly higher than the setting of the milk temperature- 
controller Large transfer lag is always to be avoided because it requires large 
temperature-differences or thermal potentials which can produce large 
oversvvings 

Fig 119 (<f) represents the co-current, or parallel flow type Except for 
the direction of supply-medium flow, it is similar to the case represented by 
Fig 119 (<j), but this single difference is quite significant Not only is the 
transportation lag obviously increased over its value m the former case, but 
also the transfer lag is greater In a co-current heat exchanger, the media 
approach the same outlet temperatures A co-current exchanger is a " temper- 
ature leveller,” and the average temperature-difference is large In a counter- 
current unit, the supply medium discharges near the demand-medium inlet 
temperature, and the demand medium discharges near the supply-medium 
inlet temperature A counter-current exchanger is a “ temperature-exchanger, 
and the average temperature-difference is small Like counter-current heat 
exchange, co-current is also adversely affected by unfavourable thermal 
capacity 

Mixed-current heat-exchangers 

Many heat-exchangers are neither counter-current nor co-current, but 
a mixture of the two types Usually, the transportation lag is excessive and 
the transfer lag greater than need be, with poor controllability the result Mixed- 
current heat-exchangers maj be classed with «>-current as difficult to control 
in the bent-tube types they may be even worse than co-current, because 
fluctuations in supply or demand may cause local temperature-deviations 
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simultaneously in the several passes. Successive responses of the thermal 
element to these deviations tend toward further upsets. 

The simple heat-exchangers represent most of the common temperature- 
control problems. Less numerous, but important in many processes, are the 
many variations of the compound heat-exchanger types. 

Compound heat-exchangers 

A typical multiple exchanger is represented by Fig. 119 (e). Two supply 
sections operate simultaneously and independently on the demand section. 
Similarly, multiple-demand sections are possible. In multiple exchangers, 
the supply or demand sections, no matter how many, act in multiple and their 
effects are additive. 

Compound heat-exchangers may also be arranged with several sections 
in tandem or series, as shown in Fig. 119 (/). Here the intermediate section 
or sections introduce additional thermal capacity and additional transportation 
and transfer lags. Heat must be transferred to, traverse, and be transferred 
from the intermediate section or sections. Sluggish response is the normal 
characteristic of a series exchanger, and wide-band control is required. Fraction- 
ating columns are typical tandem heat-exchangers. 

Very complex heat-exchanger systems are often encountered, particularly 
in processes where the several steps are interconnected by heat-recovery 
e.xchangers. These complex systems can be resolved into combinations of 
the simple and compound types previously discussed. 

Favourable factors for controllability 

It follows from the above that the factors favourable to precise control, 
as reflected in smaller cycles with on-and-off control and in narrower control- 
bands with proportional control, are — 

(1) Minimum transportation lag ; 

(2) Minimum transfer lag ; 

(.3) Minimum temperature-difference ; 

-(4) Minimum supply-side thermal capacity ; 

(5) Maximum demand-side thermal capacity. 

The converses are unfavourable, and are to be avoided in good design and 
operation since, with simple control, they result either in large cycles or in 
wide control-bands and consequent w'andering. 

Effect of various heat-exchange media 

Examples of liquid-liquid heat-exchangers have been discussed, but the 
cases of liquid-solid, gas-solid, gas-liquid, and gas-gas heat-exchangers must 
be considered also. When a solid is substituted for a liquid on one side of an 
exchanger svstem, the thermal-capacity ratio may not be greatly changed, as 
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ordinarily the higher specific gravity of the solid is offset by a lower specific 
heat 

The problems with a solid are more likely to involve homogeneity and 
accurate sensing of temperature than transportation and transfer lags When 
the supply medium is a hot gas, such as air, instead of a hot liquid, such as 
water, the temperature-difference mav be considerably greater, yet result m a 
lower thermal capaot) on the supply side with a net favourable effect on 
controllability Conversely, when the substitution of a gaseous medium is 
on the demand side, controllability is unfavouc^ly affected With a vapour 
such as steam, the latent heat offsets in part the effect of the smaller mass 

In a plain pipe air heater, the heater mass is so large compared with that 
of the air being heated that the system is always that represented by Fig 1 1 9 (c) 
Therefore, proportional wide-band control is used \\hen, in addition a 
sluggish thermal element is used, the results will be extremely bad The 
control-band will be so wide that reset is imperative On the other hand, m a 
finned-tube heater of equivalent rating the heater mass is much smaller, and 
the system mav approximate that shown in Fig 119(a) Then, provided that 
the controller — thermal element, control mechanism, and valve — is extremely 
responsive, on-and-off or narrow-band control can be used When the controller 
is not sufficiently responsive, the system is the less favourable one shown in 
Fig 119 (6), requiring wide band control with its attendant problems To 
avoid needless handicaps, it is essential that controller response be more rapid 
than process response Nowhere is this better illustrated than m air heaters 

Classification of special types 

Care should be exercised m classifying units which at first appear compli- 
cated, in that by analysis they may be placed in a simpler or other category 
For instance, in a convcyor-dncr or tempering furnace, the circulating air 
or products of combustion, respectively, are controlled in temperature by 
regulation of the heating medium supplied to coils, or by the regulation of 
combustion The thermal capatily on the supply side is very large compared 
with the capacity of the circulating medium, which suggests “ wide-bancl 
control” The resulting temperature of the load, however, is the significant 
operating temperature, the load usually having a considerable thermal capacitv, 
sometimes exceeding the thermal capacity of the supply side This, therefore, 
IS of the tandem heat-exchanger type similar to that shown m Fig 119 ( / ), 
and if the ratio of demand-side heat storage to supply side heat storage is high, 
the system can be operated by on-and off control The load temperature 
IS controlled precisely by controlhng roughly an intermediate transfer 
temperature 

Reference 

(MHaicler Tracts Amer Soe Mech Eng,»eets 1938 60 . \t> 8 633 640 
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Theoretical considerations of temperature-control 


A= indicated in the preface to this edition, there hate been, in recent tear^. 
mam attempts to etohe an anahtical theorv of temperature-contro! None, 
hotteter, appears to be completeh satisfSing as \et. ^\'hIle the theoretical 
foundations are old and the fundamental pnnciples can be found m classical 
texts on the sciences, analrtical methods hate not tet penetrated properit 
into the field of temperature-control. 

Most of the mathematical analtses are based on analogies ttith existing 
pnnciples of Phtsics or !Mechamcs The most frequent method of treatment 
of the subject is to consider control processes m general and to refer to tempera- 
ture-control as an mdixidual member of these processes German theonsts* 
hax e attempted to correlate the theorx of speed gox emors in turbines and steam 
engines x'uth process control, whilst Bntish and Amencan xmters draxx on 
hxdraulic analogic The application of hxdraulic analogies to heat transfer 
bx comection is fairU satisfactorx, but similar analogies for heat transfer bx 
the agencies of conduction and radiation are not so, and these latter are best 
dealt with in a com entional manner 

The aim of the theonsts is to exoKe a mathematical equation, or equations, 
nhich xnil e-xpress the effects of a number of changes in certain factors on 
the sxstem. 

In some cases the method of attackmg the problem is to subject the sxstem 
to XI hat IS termed a “ standard disturbance ” bx moxong a xalxe or other unit 
bx a defimte amount, deducing the effects of such a change on the sxstem, 
and expressing the results m the form of an equation 

It xxill be readilx appreaated that if reactions took place instantaneouslx , 
the element of time xxould not need to be considered, and the relation betxxeen 
the position of the regulating xalxe and the temperature m heat-control \x ould 
be a simple and direct one. The temperature xxould moxe from one posinon 
of equihbnum to another xxxthout oscillation Unfortunatelx , this ideal condiuon 
1$ not attained, although approximations are possible The heat capacity 
of the sxstem enters into the problem, imolxmg time-relations Reactmg 
causes and effects haxe to be considered, and attempts are, therefore, made to 
express all these causes and effects mathematicallx bx differential equations 
of xarxing orders. In general, the diff erential equation is raised about one 
degree for each such cause and effect The justifiable assumption is made 
that the factors inx olx ed hax e a linear relationship, m order that the differential 
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equation shall be linear and more readily solved It may be interposed here 
that the most usual equation is of the type which descnbes vibrating systems , 
but such an equation is, obv lously, of no value until reduced to a specific form 
and Its coefficients evaluated The effectiveness of control can then be specified 
in terms of time-constants One such general equation is as follows — 


, £V , 

■* df‘ ^ 




this can be reduced to 
control, as follows — 


mple second order form m the case of temperature- 
d'lf) 

TF' 




where y is the fractional deviation of the temperature from its standard value 
(T-T,) 

T, 

Further reference will be made later to this aspect of the subject It will 
be convenient to adhere for the moment to processes in general, as has previously 
been indicated is the custom m dealing with the mathematical aspect of processes 
of which temperature is one 

Referring again to the capaaty of a system it may be said in general terms 
that whenever the absorption of energy occurs there must be a resistance 
to the flow of energy from this part of the process . otherwise the storage of 
energy would be impossible, r^rdless of the amount supplied Thus with 
each capacity there is always associated at least one “ resistance ” Process 
lags occur as a result of combinations of these capacities and resistances Three 
tjpes or classes of process lags have been recognized,* as follows — 

fl) Capaaty Lag — a retardation (not a delay) of the condition of a given 
process vanable, resulting from the ability of the immediate part of 
the process to absorb and store up energy 

(2) Transfer Lag — a retardation (not a delay) of the condition of a given 
process variable, following an instantaneous change in some related 
variable, itself resulting from resistance offered to the flow of energy 
between two or more reasonably isolated capacities of the process 

(3) Dtstance'teioaty Lag — a direct delay or postponement of the beginning 
of a chan^,!. m a given process variable, following an instantaneous 
change in a related vanable at some other point in the process, itself 
resulting from any characteristic of the mechanical embodiment of 
the process which requires time to conduct the effect of the change to a 
process whence it may affect the given variable 

\ process possessing “ Transfer Lag ” must consist of at least two capacities 
‘ Distance-velocity Lag ” is the only type of lag expressible in time units. 
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“ Capacity Lag ” and “ Transfer Lag ” come under the heading of functional 
time-lags. “ Distance-velocity Lag ” may be termed finite time-lag. 

Most German authorities on regulation use dimensionless quantities. 
Changes which take place are represented by their ratios as compared with some 
fixed values, either the average or the maximum, rather than their actual values. 
The final equations are then expressed in terms of ratios (dimensionless 
quantities) and time. By this means the form and use of the mathematical 
relationships is simplified. The results, however, can readily be converted 
to absolute quantities when required. 

Hydraulic analogy 

As previously stated, British and American writers use a diagrammatic 
representation of a process, based on hydraulic principles. Fig. 120 illustrates 



a simple diagram of this form and refers to a so-called “ single-capacity process.” 
By interpretation and extension, this type of diagram can be made to represent 
various forms of temperature-regulation problems, bearing m mind the limita- 
tions previously expressed. 

The process is considered to be a series of capacities separated from one 
another by resistances, so that flow from one capacity to the other is accompanied 
by a decreased energy level, represented by a difference in liquid levels (Fig. 120). 
The flow through the resistances may be made proportional to the difference 
in levels (“ differential head ”), since the flow of heat is imersely proportional 
to the resistances in its path. The area of the tank represents the capacity of 
the system or B.Th.U’s per degree. This can be considered as the product 
of the specific heat of the material being heated times its mass, proiided that 
the range of temperature is such that the specific heat remains constant. 

If the supply valve is moved suddenly at time I = amount 

203 



the increased input flo^^ ^\ould, according to the German system of dimensionless 
quantities, be ^\here Q is the flow rate at equilibnum valve position. 
A change m level Aj results, represented by a change ~ 'F’ "here is the 


differential across the supply \aUe, andA, = the differential across the discharge 
valve The rate of change of level, or tp', is directly proportional to the increased 
input flow or disturbance q, and if q remains constant 9;' also remains a constant 
The ratio of to the corresponding value of 9^ is a characteristic of the system 
of regulation and has been called bv Neumann* the “ sensitivity of the regulating 


space ” The reciprocal of this ratio, or—, has been aWedAnlaufzert bv German 

y 

Vinters, a term which has been variously translated as “application lag,’ 
“process-time,” “ starting time ” and “ reaction time " 

The process just considered has been referred to as a ‘ single capacity *’ 
process , as previously indicated, multiple-capacity processes are possible 
The latter may be subdivided into the following groups — 

(n) Capacities and resisunces in senes, 

(i) Capacities and resistances m parallel, and 
[e) Senes parallel combinations 

Many multiple capacity systems can however, be approximated by a smgle- 
capacitv system with sufficient exactness 


Mathematical theories of femperatuTe>confroI 

Some of the principal features of specific mathematical theories advanced 
bj various authors ma) now be considered For a full description of these 
theones the reader is referred to the onginal papers on the subject, to which 
references are given at the end of this chapter 

Callender* and his collaborators discuss the question of time lag in its 
relation to control s} stems in general They consider that variation in the 
departure of the temperature from the normal or standard value may be due 
to three causes first, through uncontrolled disturbances such as fluctuations 
in the ambient temperature, or vanations of voltage on the mains from which 
the current for the heating coils is taken , «ccondl\ , through the operation 
of the control gear , and thirdly, apart from changes due to these causes, 
Ti ‘ijvfiiK'tHiit “5^ *JrA vptKK. KswfKsttufx. Ctowv tbjt onroiaL ina.y in itself 

give nse to a variation of the temperature 

A general expression is given connecting these vanations as follows — 

( 1 ) 

at 

where 0 (/) is the departure at time t of the temperature from the set value ; 
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D(t) is the effect of uncontrolled disturbances and is regarded as a given function 
of t ; C{t) is the effect at time t of the operation of the control ; and — md 
is the inherent effect of variation of 0(t) from its zero value. Thus D(t) is the 
disturbing function and C(t) the controlling function. The uncontrolled 
disturbances do not affect the control directly, but through variations of 6, 
to which they give rise. For a system with time-lag, the function C(i) then 
depends on the behaviour of 6 not at time i, but at a time t — T, where T 
is the time-lag, which is assumed to be constant. 

The effect of the control at time I T is determined by the behaviour 
of 6{i) at time t. The dependence of C(t T) on 0(/) expresses the behaviour 
of the control, which ma}- be put into the following form, termed the “ law of 
control ” — 

-C(t+ T) = «,6 (t) -i- 0 (t) + 0(t) . . (2) 

where the dots denote differentiation with respect to time, and «j, ru, and 7/3 
are constants. For satisfactory control these constants must lie within certain 
limits of value. B}^ using different values of these constants, the behaviour 
of the control from the point of view of sluggishness and damping, etc., can be 
determined. 

In their analj'sis, Callender and his collaborators assume the time-lag to 
be unit}' and write — 

and mT = /r, 7t^T- = Pj, ti„T — r,, Wj = j ’3 ; 

I'l, js and I’g being called the “ control-constants ” of the system. 

TD (t) is taken as equal to i (t), 
and TC (?) „ „ „ c (t) 

({jf t) is referred to as the disturbing function. For 6 is written 0 (t), regarded 
as a function of r rather than of /. 

From this, equations (1) and (2) become — 


dr 


= '{'(t) d- cfr) - /7 0 (t) . 


dc (t + 1) 
dr 


J', 0 (t) 


dO{T) 
' dr 


0 (t) 

F3 , n 


(3) 

(i) 


Three methods of investigation were used to study the equations, as follows — ■ 

(i) The determination of the normal “ modes ” of the equations. The 
behaviour of 0(f) where r = l/T, the time-lag T being a unit of time, 
is exponential or damped-harmonic, and the frequencies of the modes 
and damping constants are found. 

(ii) The use of Heaviside operators. The equations (3) and (4) can be 
expressed in such a manner as to form a pair of linear difference- 
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differential equations %\ith constant coefficients These are then 
treated by the Heanside operational method 
(ui) Numencal investigation of particular cases by arithmetical or graphical 
methods, or by the use of a differential analyser 
To deduce the true ranges of suitable “ control constants ” a genuine time- 
lag IS assumed, instead of a mere sluggishness of starting, analogous to inertia 
The physical significance of the “law of control” can be illustrated by 
considering the control of tempeiatuie by steam-heating, the steam supply 
being controlled bv a valve The setting of the valve determines the controlling 
function, and from the " law of control ” with n, 5b 0, it follows that not the 
\ alve-setting itself, but its time rate of change, depends on the value of the 
temperature and its derivatives, so that the valve-sctting depends not only 
on the behaviour of the temperature at any particular instant, but on the time- 
integral of the temperature, and so on its previous history 

Diagrammatical representation of this method of control is shown in Fig 121, 
The valve S governs the supply of steam to a vessel whose temperature- 
deviation Q from the correct value is indicated by the position of the arm A 
The value of 6 is to be kept as small as possible The value 4S'(0 depends on 
the setting of the valve S at time I, and the equation expressing the ‘ law of 
control ” becomes 

= + + (5) 

The V alv e 5 should be mov ed automatically so that S(t) satisfies this equation 
In Fig 121 let * be the height of the lower end U of a lod hanging from the 
arm A abov e its position when d = 0, and suppose x is proportional to 0 Let 
} be the height of a cylindncal vessel IP, above some arbitrary level, this height 
being made proportional to the value of — 5(0 by means of a connexion 
to the valve S through a cam as shown A similar vessel IP''] is placed so that 
the contact U can touch the surface of the liquid in IPj The liquid in IP , 
passes through a siphon pipe, from an intermediate point Q of which a branch 
pipe IS led to a dish D, of large cross section compared with those of IP] and 
PP^,, so that changes of lev el of the liquid in D can be neglected This level is 
adjusted to be that of U when 0 = 0 

If the mechanism M, actuated by the contact at U, causes 5 (and so IP^ 
to be mov ed m such a way that the liquid surface in IP'j is kept just in contact 
with C/, then if the cross sections of TF] and IP', arc C] and C., and the resistances 
of the pipes from Q to D, IF^and IP'^are/?, r^sndr, respective!}, then it follows 
from the equations of motion and continuity of the liquid that 

> = ^[»^+{(R + '.)C, + (« + rJC,|jr 

+ |*(r. + rj+r,r,|c,c,*j (6) 
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This equation satisfies the “ law of control,” being of the same form, since 
X and are respective!)’- proportional to 6(<) and — S{t). 

Thus, if contact of the surface of the liquid in IFj with U is maintained as 
6 varies, a law of control of the desired form is obtained. This means that the 
controlb'ng mechanism only acts at any instant in proportion to the amount 
of de\iation from the set temperature. 

The cun'es relating deviation with time will, after a thermal disturbance 
of the system, show a gradual return to the normal temperature without 
continued oscillation. 

This form of the “ control law ” may be extended a stage farther.® An 
auxiliary' variable z{t), related to 0(t) by the equation 

z(t) + B,zit)^Bj(t) + B,e(t) . . (7) 

can be introduced into the equation. 


a 



Fig. 121. — Diagrammatic representation of the control law 


The law is then expressed in the form 

-c(r+ r) = 7qc(0 + «2zW + «3zW - . (S') 

This law reduces to the former control law (2) if = 1 or Bj co , remain- 
ing finite ; but in the case under consideration Bj > 1- 

To apply this law in practice, the principle of the control can be illustrated 
diagrammatically as before. In Fig. 122 the displacement x(t) of the indicating 
arm A indicates the deviation from the set temperature, and so is proportional 
to The control law (6) will be attained if the same mechanical means 

of obtaining the relation (2) is used, but the displacement x(t) is now made 
proportional not to 6(f) but to 2(f), related to 6(f) as explained above. 
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Fig 122 shovs the principle of an electrical means of attaining conformity 
to the law 

Here 1/ is a movable group of contacts and A is the indicating arm of the 
thermometer These two components are the same as in Fig 121 InFjg 121, 
however, U was suspended directly from A. so that the displacement x of U 
w as directly proportional to the temperature deviation 0 This direct mechanical 
connection is replaced by i connection through the electncaJ circuit shown, 
A moving a contact over a potentiometer and U being suspended from the 
indicating arm of a voltmeter V which measures the potential at the point P 
of the circuit (in practice a thcMTOOnic v oltmetcr is usually emplojed) 



Fig 122 — Electncsl represcatation of the coatrol Uw 


If KO IS the potential tapped off on the potentiometer, the potefiiial at 
P, and > the current in the direction indicated in the diagram, we have 


and 

whence, eliminating «, 


[h) f 




(9) 


so that the voltmeter deflection X, which is proportional to Vp, satisfies a relation 
of the form 8 The va vaCS of Bj and Bj m 2 can be adjusted b> choice of scales 
and of rj, C,, Q 

The remainder of the control apparatus, namely that portion of it which 
gives the relation 2 between z and the controlling function C, is the same as 
that of Fig 121, with the simphficatioii that the vessel could be moved 
directly from S, and fFj omitted A mechanical, hydraulic, or electrical method 
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can be used to obtain the relation 2, independent!}' of the type of method used 
to obtain the relation 7. 

Turner,® in order to determine the mathematical relationship between the 
sensitive element and the heating element, designed a special form of experi- 
mental oven. It consists of a metal cylinder of length and cross-sectional 
area A. The “ slave ” coil, as he terms it, or heating element, and the “ master 
coil ” or sensitive element encircle this cylinder ; the slave coil at the bottom 
being separated from the master coil by a distance I up the cylinder. The 
heating power Pj in the slave coil is controlled by the temperature 6 of the master 
coil. The rate of change of pon er input with temperature, or control sensitiiity, 
is a known variable. When the control sensitivity is" made large, thermal 
oscillation takes place, due to the sla\e and master coils mutually affecting 
each other thermally. Analysis shows that if /= /j, or > 0-55/j, thermal oscill- 
ation arises when the control sensitivity per unit area of cross-section, 
1 DP, . . 

— , • - , is increased bevond a critical value S, where 5 = 17-6 Kll, or 

A d6 

SoKjl, respectively. In both cases the period of oscillation is 

^ 0-57 /-pc 

K ' 

where K is the thermal conductivity of the material of the cylinder, p its intensity, 
and c its specific heat. 

As indicated abote. Turner analyses the condition where S is just equal to 

. — ; 7 , and does not consider the case where S is much less than that 

A dO 

value. In the latter case it is anticipated that the cur\ es relating the thermal 
changes with time would be different in character from, and sharper than, 
those obtained w hen S is equal to the value. 

Turner does not devote much attention to the amplitude of oscillation, 
but considers mainly the frequency of oscillation. From experiments with his 
special oven he concludes that large oscillation frequency and small oscillation 
amplitude go together. 

Where the master and slave coils are intermingled regularly, as in certain 
forms of thermostat furnaces, conditions defined by the equation S = ZoKfl 
(which applies in this case) produce the greatest control sensitivity. Turner 
states that to effect this and avoid self-oscillation altogether, or, if oscillation 
cannot be avoided, to make T as small as possible, the master and slave coils 
should be in close juxtaposition and should be wound in good thermal contact 
with a chamber of high conducts ity. Kjpc, which is the diffushity of the 
material, should be as large as possible. 

The effect of the thickness of the wall of the chamber on penetration 
by the hunting oscillation is expressed by the ratio between the amplitudes at 
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the two surfaces of the wall, which ratio is 



where h is the wall thickness, o/27r is the hunting frequency, and a = Kjp e 
the diffusivity of the material. 

A rfiick wall IS therefore desirable for two reasons to reduce “ hunting,” 
and to reduce temperature-gradients along the walls 

Turner considers that hunting is necessanly present if the heat supply is 
controlled m discrete quantities, and is also present when a continuous 
relation exists between temperature and heat supply, provided the control 
sensitivity exceeds a certain critical talue That is, stability of control is not 
necessarily improved merely by increasing the sensitiMty of the temperature- 
sensitivity device (The natural limit to the sensitivity of all measuring processes 
has been analjsed by Barnes and Silverman*) 

It may be said here in bncf that the necessary qualities of automatic temper- 
ature are stability, reliability, and sensitiveness, in the order named A sensitive 
control which hunts is of no use, whilst a sensitive and stable control which 
IS not reliable is also of little value 

Turner assesses the spectfic effectiveness of the thermostat by a figure 
of merit, represented by the ratio between the change in temperature of the 
furnace enclosure if there were no thermostatic control, and the change of 
temperature which does occur with thermostatic control He assumes that 
two factors, only, affect the constancy of temperature, viz change of ambient 
temperature, and electrical power-supply variation Assuming steady conditions, 
the figure of merit 

N^-\■ 

N, ~ N,‘ 

where A'j is a constant related to the power emitttd from the furnace (by 
conduction, convection, and radiation), (0 — is the value of this power 
when d is the furnace temperature and y the ambient temperature, and 


where is the heating power m the slave coil (i e controlled by the master 
coil) 

It is deduced that the higher fne lempeKfccrt: tfi ‘Are 'Aie -eja/tt 

It IS to obtain a large figure of merit , and further, that the attainment of a 
large figure of merit is not dependent on the provision of good thermal insulation 
between the furnace and its surroundmgs The advantage accruing from 
insulating the furnace appears to he in the reduction of power required to 
maintain the desired furnace temperature 
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Ivanoff’ obtains numerically the frequencies, dampings and amplitudes, 
etc. of particular cases and deduces a “ law of response ” to the controlling 
mechanism. A regularly-repeated disturbance is introduced in order to give a 
basic periodiciU' to which Fourier’s anal 3 'sis is applied. Ivanoff introduces 
the term “ potential temperature,” defined as “ the limiting value of the 
temperature-change which the plant [meaning temperature-controlled sj'stem] 
tends to attain for a given alteration in the position of the controls ” ; the 
“ controls ” being fuel valves, dampers, etc. 

He discusses the oscillations of temperature — potential as well as actual 
or recorded temperatures — which are produced when the sensitivit)’ of the 
controller is increased to a point where a periodic oscillation of sinusoidal 
form occurs. Equations are derived to express the conditions for stability 
for “ on-and-off,” proportional, and floating methods of control. 

Ivanoff likens time-lag to the action which occurs when heat flows into a 
semi-infinite solid. If the temperature bf a control mechanism at the surface 
of the solid is made to vaiy periodicallj' so that 

0 = A sin mt, 

where A is the amplitude and sin mt the controlling disturbance, in which 

_ 2 - 

period of oscillation’ 

then the recorded temperature is 

Ae~‘'J" sin (mt — cm), 

where e is the base of natural logarithms and c a time indicating the amount 
of lag that is characteristic of the sj'stem. 

Prinz has shown that there is a similarity between automatic controllers 
and negative feed-back amplifiers. These ststems can be represented bj' a 
closed chain of variables in such a marmer that two adjacent variables are 
connected either b\' a factor of proportionality or a differential operator. 

Thus a deriation from the controlled temperature nail influence a sequence 
of variables to a last variable which finalh- acts on the initial variable — the 
deviation of the controlled temperature — to force it back to its rated value 
or as near to it as the control mechanism will permit. 

The dependent variable may (a) have a back effect on the immediatety 
preceding independent variable, in which case the variables are interacting 
or (b) mas" not have a back effect, in which case the relationship is unidirectional. 
For example the temperature of a thermocouple junction and its current are 
interacting owing to the Peltier effect ; but the temperature of a furnace has a 
unidirectional relation to the current of the thermocouple measuring it. Prinz’s 
theory is confined to relations of the unidirectional type. 
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Electrical representation of lag systems 

The relation between the input variable £ (** driving function ” in mathe- 
matical literature) and the output variable X (“ response function ”) is such 
that X may follow ^ either (i) in the form of a damped oscillation or (ii) A’ may 
vary in a direction towards ? and remain constant whenever X = S without 
dx 

overshooting ” In this case the rate of change — will be positne for ? > X, 
dt 

negative for ^ < X and 0 for 5 = X , or the sign of — will always be the same 

dt 

as the sign of £ — X 

In the simplest case of this type, — is proportional to £ — X 
dt 


dx 

It 


K-x 


(1) 


where t is a positive constant with the dimension of time The sjstem 
13 called a simple lag system or delay element It may form part of the process 
to be controlled or of the controlling mechanism In the first case the process 
IS usually referred to as a ‘ single capacity process ” having “ capacity lag ” , 
in the second case the method is called proportional control ' by Prim 
A simple lag system can be represented by an electrical condenser C 
charged through a resistance R If the input voltage charging the condenser 
is 5 the output \oltage across the condenser X, then the relation between 
X and £ is given by equation ( 1 ) 

with T = i?C (2) 

The hydraulic analogy used by American authors to illustrate a single 
capacity process corresponds to the orcuit m Fig 122 with a load resistance R 
(‘ demand side ') across the condenser 
Equation (1) may be written 



Under the assumption £ = 0 for r < 0 , S = constant ^0 for t > 0, 
corresponding to a sudden application of the voltage 5 at time r = 0 the solution 

(3) IS a; ^ — e-^^for f > 0, ar = 0 for i < 0 (4) 


in particular for ^ = 1 


- 1 — e — for r > 0, * = 0 for / > 0 


(5) 
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This is the response of the system to the Heaviside unit function H{t ) ; 

H{t) = 0 for t < 0, H (t) for I > 0 . . (6) 

In operational calculus the differential operator djdt is denoted by the s}Tnbol 
p and it can be shown that to a verv’ large extent p can be treated as an ordinary 
variable. This property affords a simplification of the theor}' of automatic 
control. 

Applying the above notation to equation (3) we get 

Tpx X = (Tp -h l)x . . . (7) 

* = . = 9 ^ • ■ • • ( 8 ) 

l — r p 


1 

The operator q = ^ is 


called a simple lag operator and plays an 


important part in the treatment of control problems. 

Prinz has also derived an operational equation for the system and considered 
the conditions for stability', etc. 

Further references'*'*^ to discussions on the subject of the theoretical 
foundations of temperature-control are listed below. 
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Temperature 

Control 



THE IDEAL RELAY FOR TEMPERATURE 
CONTROL WHEN USED WJTH A SERIES 
RESISTANCE (SUPPLIED WCTH THE RELAY) 
THE MERCURY SWITCH IS NON-TILTING 
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DIAL THERMOMETERS 

The British Rototherm Co., Ltd., specialises in the manufacture of 
bi-metallic, rigid stem, dial type thermometers for all purposes where 
temperatures between minus 60° F. and 1,000° F. are required. They 
can be supplied for Co-Axial, Vertical or Flange type mounting and can 
be fitted with adjustable electrical contacts to operate through relays 
where temperature control is required. 

An interesting instrument is the British Rototherm Co.’s Rotostat 
(see diagram below) which, while not giving visual indication of 

temperature, has been designed to provide 

a useful adjustable thermostat for giving 
warning when dangerous rises in temperature 
l&pf warning may be given by the 

Qi -> ' ' operation of lights or bells when the pre- 

adjusted setting point on the Rotostat is 
'^JJ reached. 


The British Rototherm Co. 
ofso manufacture Otstonce 
Reading Thermometers of the 
Vapour Pressure and Mercury 
types. If you are interested 
m temperature indication and 
control, your enquiries are 
invited. 



1 Rubber Protection Sleeve. 

2 Protection Cap. 

3 Contact Block. 

4 ' Pivot Contact Pin. 

5 Setting- Plate. 

6 Dial. 

7 Setting Screw. 

8 System Shaft. 

9 Rototherm Bi-metalhc 
Element. 

10 Knurled Ring. 

1 1 - Fixed Terminal Screvr. 

12 Fixed Contact. 

13 Body of Rotostat. 

14 Moving Contact. 

15 Inner Stem. 

16 Element Holder. 

17 Outer Stem. 
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THE BRITISH ROTOTHERM CO. LTD. 
Merton Abbey, London, S.W.I9. *Phone LIBerty 3406 
and at 87, St. Vincent Street, Glasgow, C.2. 



WE SPECIALIZE 

in 

SMALL THERMOSTATS & 
TIME DELAY SWITCHES 

LOADING DP TO 150 WATTS A.C. OR D.C. 
WITHOUT RELAY 

Tfhermeqa' 

tisd 

ERMYN WAY LEATHERHEAD SURREY 
Tekphone Ajhtead Surrey 3433 


Tloo books of special interest 


Motliocls of iiioasnriii;^ ioniporntiiro 

Ezcr Griffiths, DSc FRS 

This book certainly give* the best general urvey of the subjea at 
present available both (or measurements at normal temperature and for 
those at high temperature (t comes from a man of experimental 

outlook and consequently contains |ust those hinu which can come only 

from practice —Proceedings of the Physical Society 3rd Edn Pp 224 
Large Med Svo 91 lUus Price 20t net. Post lOd Abroad Is 

Fraetioiial ltorso|>o\vor electric 
motors: a guide to types and 
sipplicntioiis. 

E K Bottle, B5c amiee 

This comprehensive work « clearly written and practical with adequate 
and instructive diagrams It should admirably serve the purpose of 
helping appliance designers and others who have to select electric motors 
whilst the information on motor characteristics should interest electrical 
men in general —Mechanical World Pp 210 Crown 8vo. 109 illus 
Price 15$ net Post fOd Abroad Is 
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D E VI C E S 


We manufacture a wide range of thermostats for the 
control of liquid and air temperatures, together with the 
associated equipment such as motorised on/off valves for 
water and steam, modulating three-port mixing valves, 
and modulating straight tbroughjvalves. 

The application of these devices is to the control of 
temperatures in^central heating installation and industrial 
processes. 

Descriptive literature is available on application. 
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. ..... f RHEOSTATIC COMPANY LTD. „ . 

SLOUGH ENGLAND 
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